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Abstract 
 
Organic coatings are frequently applied to metals, often in circumstances where there is a 
need to protect the substrate from corrosion or to improve the aesthetic quality of a 
product. Increasingly, coatings are also expected to provide additional functionality, such 
as anti-bacterial properties. Concurrent with the need to satisfy ever more demanding 
specifications, coating formulators are being obliged to comply with stringent 
environmental legislation. A research area which may benefit the development of coating 
formulations is that of nanocomposite synthesis, in which the composite additives have at 
least one dimension in the nanometre size range. 
 
The current research has sought to modify a waterborne organic coating primer with two 
types of nano-sized additives: layered clays and titanium dioxide nanoparticles. 
Dispersion of the particles at loadings up to 5% w/w was achieved by ball milling and the 
modified coatings were subjected to numerous tests to ascertain the effect of the 
additives. Titanium dioxide was found to improve the tribological properties and corrosion 
resistance of the coatings, while the addition of magnesium aluminium hydroxycarbonate 
(hydrotalcite) layered clay had a deleterious effect. Some coatings exhibited a cracked 
morphology, although no correlation between particle loading and the presence of cracks 
could be determined. 
 
A preliminary investigation into substrate preparation was also conducted. This ensured 
that the degree of cleanliness of the hot-dip galvanized substrates was both satisfactory 
and consistent. 
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CHAPTER 1 INTRODUCTION 
 
1.1 Protection of Metallic Substrates 
 
Whilst it is difficult to calculate the financial implications of corrosion damage accurately, a 
survey conducted between 1999 and 2001 in the USA estimated that the direct cost of 
corrosion amounted to $276 billion per year1. In addition to the effect on a product’s value, 
safety and aesthetic aspects should also not be overlooked. Ceramic, metallic and organic 
coatings (e.g. paints) can all be applied to metal substrates and the means by which they 
are applied and provide protection are reflected in their final applications. In some 
instances, a combination of the aforementioned coatings is beneficial. An example of this 
is the increasing use of zinc and zinc alloy electrodeposits on steel for the automotive 
industry. The zinc provides an additional degree of protection when combined with a 
subsequent organic coating2.  
 
The mechanisms by which coatings protect metals vary. Organic coatings typically consist 
of a polymer matrix and the principal protection provided by organic coatings is to act as a 
physical barrier between the substrate material and a corrosive environment. This in itself 
is satisfactory, but if a coated artefact is exposed to moisture, water is absorbed by the 
coating over a period of time, the rate and extent of which is determined by the diffusion 
coefficient of the polymer3, and eventually moisture penetrates to the substrate. This then 
causes corrosion to occur at the interface between the metal and coating. The resulting 
loss of adhesion by delamination or cohesive failure of the corrosion product ultimately 
causes the failure of the coating. Depending on the service environment, the absorbed 
water may also contain corrosive ions, such as chlorides, which will exacerbate the 
corrosion of the substrate. In this case, the high electrical resistance of such coatings acts 
to hinder the initiation of local anodic and cathodic areas of the metal surface4. In addition 
to barrier protection, metallic coatings provide either sacrificial or noble protection, 
depending on whether the coating is more or less electrochemically active than the 
substrate. Zinc coatings on steel are one example of the former. The zinc is more active 
than the steel and therefore corrodes preferentially. Consequently, if the zinc is damaged 
and the steel exposed, the zinc will corrode, protecting the steel as it forms the anode in a 
corrosion cell in which the steel is the cathode. A noble coating is one which is less active 
than the substrate, for example nickel on steel. If the coating is damaged a potentially 
dangerous situation will arise where the substrate becomes anodic and corrodes more 
rapidly than the cathodic coating5.   
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Frequently, the performance of coatings is optimized by the adoption of a multilayer 
coating in which the individual components contribute to the overall coating system. An 
example is shown in figure 1.1. 
 
Figure 1.1 Typical Coating System for Steel Substrates 
 
Figure 1.1 shows a coating system comprising a metallic coating, usually either hot-
dipped or electrodeposited, a chemically or electrochemically produced conversion 
coating to promote adhesion of subsequent coatings and two organic coating layers. The 
two organic coatings are a primer and topcoat; the distinction between these two layers 
will be discussed in greater detail in Section 2.1. 
 
1.2 Organic Coatings 
 
Organic coatings have been developed from numerous polymer systems, such as 
acrylics, polyurethanes and epoxies6. They may also contain a variety of additives, whose 
role is to aid processing, improve coating properties or impart other types of functionality. 
This diversity and the range of application techniques available has ensured that this type 
of coating has significant application potential. In addition to good corrosion protection, 
such coatings are expected to have good mechanical properties, including ductility, 
scratch and wear resistance, while also providing an aesthetically pleasing finish. 
Traditionally, such coatings are applied by brushing, spraying or dipping a component 
after fabrication6. There are, however, many instances where the coating could be 
beneficially applied prior to fabrication. Examples include architectural cladding, white 
goods (e.g. refrigerators) and office furniture, such as filing cabinets. For these 
applications, among others, it is preferable to apply the coating to the metal while it is still 
in the form of a flat strip from which the products are manufactured7.  
 
An application technique which has been devised to fulfil this requirement is coil coating. 
In this process, metal strip, usually galvanized steel or aluminium, is fed through rollers 
which apply the coating. The process is continuous and it allows product manufacturers to 
Topcoat 
Primer 
Conversion Coating 
Hot-dip galvanized or electroplated 
zinc coating 
Steel substrate 
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purchase their fabrication material pre-coated. Inevitably, any subsequent forming 
processes will have an impact on the protective and aesthetic properties of the coating 
and it is in these areas where the majority of research and development has been 
focused. Other problems which have had to be overcome include the difficulty of spot 
welding a metal through a non-conducting organic coating.  
 
1.3 Pigments and Nanoparticles 
 
Pigments are an important constituent of many organic coatings8. These are particles 
which are dispersed in the film-forming polymer and influence many of the properties 
already mentioned, in addition to determining the colour of the coating. In seeking greater 
improvements from pigments or, alternatively, a similar performance from a reduced 
pigment loading, research has paralleled that of polymer scientists in the development of 
nanocomposites. The addition of nanometre-sized particles to bulk polymers has 
encouraged the development of polymer coatings containing similar additives. Potential 
benefits include improved corrosion and scratch resistance as well as more novel 
properties such as self-cleaning coatings. The incorporation of nanoparticles into 
polymers and organic coatings is described in more detail in Chapter 2. 
 
One group of nanoparticles are the so-called 'nanoclays'. Certain clay particles are 
composed of a stack of platelets which researchers have sought to separate, the 
individual platelets being around 1 nm thick. While the clays themselves are already 
incorporated extensively as additives, the utilisation of the individual platelets engenders 
further benefits. The platelets have a high aspect ratio and when added to a polymer they 
create an obstacle to the permeation of gas and water, reducing the tendency for water 
absorption mentioned in Section 1.1. Clay particles are stacks of platelets which are held 
in formation by weak van der Waals forces. Breaking the stacks and dispersing the 
platelets therefore gives rise to improvements in mechanical properties as a result of the 
addition of the clays. It is possible that incorporating nano-sized additives to coil coating 
formulations could help to reduce the problems of corrosion and damage during forming 
which have already been described.  
 
While nanoclays have one dimension in the nanometre range, nanoparticles are typically 
nanoscale in three dimensions. There are a wide variety of both inorganic and organic 
nanoparticles available, the former including metals, metal oxides, carbides and nitrides. 
The small size of the particles gives them a high specific surface area resulting in good 
interaction with a polymer matrix. 
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1.4 Aims and Objectives 
 
The current research has focused on the incorporation of nano-sized additives into a coil 
coating formulation supplied by Henkel KGaA. This is an unpigmented waterborne acrylic 
primer formulation, known by the code 51016. The intention of the study was to quantify 
the effect of incorporating novel nano-sized additives into an existing commercially 
available waterborne coil coating primer formulation. The emphasis was placed on 
identifying possible additives from the pertinent literature, rather than a desire to improve 
one particular feature of the coating. An important preliminary stage of the investigation 
was to determine a satisfactory cleaning process for the hot-dip galvanized substrate 
panels which have been used. The aims and objectives of the study have been: 
 
• Identification of an acceptable cleaning process to prepare the substrates prior to 
coating application. In order to obtain reliable data on the primer coatings, a 
surface free from contamination, with good reproducibility was required. 
Verification of the cleaning process was made using several analytical techniques. 
Additionally, a determination of the corrosion resistance of the cleaned panels was 
important due to the subsequent application of a waterborne coating. 
• Application of unmodified 51016 primer coatings and determination of some of the 
properties of the coatings, to provide a benchmark for the assessment of modified 
coatings.  
• To identify possible nano-sized additives from the literature, before modifying the 
coating formulations. Consideration was given to the potential benefit to be 
obtained from the additive, its availability and the feasibility of dispersing it in the 
coating. 
• Modification of the 51016 formulation with nano-sized additives identified from the 
literature. Variables to be considered included composition of additive, loading and 
dispersion method. 
• Repetition of the tests performed on the unmodified coatings to elucidate the effect 
of the additives. 
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CHAPTER 2 LITERATURE REVIEW 
 
2.1 Organic Coatings and Paints 
 
'Organic coating' is a term which encompasses a vast range of finishes which are based 
on organic chemistry having, for example, oils or polymers as their main constituent. The 
three organic coatings which are readily recognized are paints, lacquers and varnishes. 
The only difference between these three types of coating is that paints contain pigments, 
whereas lacquers and varnishes generally do not. The diversity of organic coating 
technology has allowed different coatings to be applied by brush, spraying, powder 
coating, electrocoating and coil coating, amongst others. 
 
Paints have been extensively applied to materials for thousands of years. It could be 
argued that the decorations which adorn the walls of caves dwellings in Lascaux in France 
and Altmira in Spain are paints, although these are more akin to whitewash, which 
contains pigment and no binder9. Since these prehistoric times, paints have developed as 
both a decorative (such as depicted in figure 2.1) and protective medium. Additionally, 
they are increasingly being expected to perform further functions such as provide hygienic 
surfaces or control atmospheric pollutants. 
   
 
 
 
 
 
 
 
 
 
 
 
Figure 2.1 Minoan Wall Painting from Knossos, Crete. Circa 1500 BC10 
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Paints consist of two main components: pigments, which are solid particles dispersed in 
the paint and a binder which is the component which forms a film and covers the surface 
being painted. Pigments primarily provide the colour and opacity of a paint film but can 
also be selected to impart additional benefits such as corrosion inhibition. Pigments which 
are added to alter the mechanical properties of the paint without affecting its colour or  
opacity are known as extenders. In addition to these components, a paint may also 
contain small quantities of other additives. These perform a variety of functions, including9: 
 
• increase or decrease viscosity; 
• prevent settling of pigment; 
• accelerate drying; 
• improve mildew and fungus resistance; 
• reduce raw material cost, without lowering quality; 
• improve adhesion to poor surfaces such as rust; 
• increase or decrease gloss. 
 
Singer8 states that the typical loading of an additive in a coating formulation is around 0.1 
– 0.2%, although it is not stated whether this is by volume or weight. 
 
An organic coating system generally comprises multiple layers, each contributing to the 
effectiveness of the coating system. The finishing coat or topcoat has to meet the 
requirements of durability and aesthetic appearance for a given application. Beneath this, 
there may be: 
 
• fillers or stoppers. These have a high solids content and are used to produce a 
smooth finish on surfaces which  contain imperfections or defects; 
• sealers. These may be applied to a substrate to prevent the coating being 
absorbed by porous surfaces such as plaster. They can also prevent chemicals 
present on the substrate surface or in the coating from detrimentally affecting 
subsequent layers; 
• primers promote adhesion of the coating to the substrate. They can also provide 
other functions such as corrosion inhibition; 
• undercoats or surfacers. These are applied beneath the topcoat to improve the 
opacity of the coating. Consequently, they are often highly pigmented. They can 
also provide levelling of minor surface irregularities. Primers and surfacers can 
also be combined to alleviate the need for two separate coats. 
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2.1.1 Coil Coatings 
 
With an extensive variety of coating types and applications, there are many methods of 
applying organic coatings. However, this study focuses on a technique known as coil 
coating. The process involves continuous coating of metal strip before it is formed into 
components. The technique is shown in figure 2.2 and is typically carried out in the 
following stages: 
 
• the roll of steel strip is uncoiled; 
• the steel passes through cleaning processes which may be chemical and/or 
mechanical; 
• pretreatment may be applied at this stage to improve coating adhesion and/or 
corrosion resistance; 
• a primer coating is applied and cured; 
• a topcoat is applied and cured; 
• the metal strip is re-coiled. 
 
The coating is applied to the metal strip by rollers which pick up the liquid and deposit it on 
the metal as it is passed through. 
 
 
Figure 2.2 The Coil Coating Process7 
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According to Miranda11, the process was first used in 1935. Early applications of the 
process included domestic appliances, in particular refrigerators and freezers. These were 
found to pose fewer problems than appliances such as washing machines, where cutting 
a hole in the metal for the door caused problems with cut-edge corrosion. However, by 
1972, the process was sufficiently commercialized that General Electric opened a new 
factory to build microwave ovens which was to use coil coated metal from the outset. 
According to the European Coil Coating Association (ECCA)12, applications now include: 
 
• domestic and garage doors; 
• caravan cladding; 
• road signs; 
• white kitchen goods; 
• electrical appliance cases (such as video recorders, DVD players, etc.); 
• filing cabinets. 
 
At present, coil coatings are predominantly applied by large metal rolling companies. 
Issues which have hindered the adoption of the process by end users include high prices, 
high levels of investment and the physical size of coil coating lines13. However, one 
benefit to end users is that they can avoid the cost of maintaining their own paint facility. 
This is becoming increasingly important as environmental regulation compliance drives 
costs higher. 
 
2.1.2 Waterborne Coating Technology 
 
Another effect of ever more stringent environmental legislation has been the development 
of waterborne coatings to reduce volatile organic compound (VOC) emissions. In Section 
2.1 it was stated that paints consist of two main components, pigments and binders. 
However, in order to retain the paint in a liquid state suitable for application, it is often 
necessary to dissolve the film-forming binder in a solvent. Solvents can also be used to 
reduce the viscosity of the paint for specific application techniques, such as spraying. 
However, there are numerous environmental concerns with the use of VOCs which have 
culminated in the publication by the European Union of Directive 1999/13/EC14, known as 
the ‘Solvent Directive’. Under this directive, coil coating companies which consume more 
than 25 tonnes/year of solvent must emit less than 50 mg C/Nm3. Oldring, et al.15 suggest 
that the pressure to develop waterborne coating systems originated in the USA in around  
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1955-1960 in an attempt to: 
 
• reduce the fire risk from flammable solvents; 
• reduce the need for hydrocarbon solvents which were becoming expensive and in 
short supply; 
• comply with environmental legislation intended to reduce emissions to the 
atmosphere. 
 
Sharma16 considered the problems with early waterborne coating and printing technology 
in terms of the products, processes and end-use properties: 
 
• Problems related to products: 
⇒ limited raw material; 
⇒ pH control; 
⇒ odour; 
⇒ variation in viscosity; 
⇒ temperature stability; 
⇒ storage stability; 
⇒ pigment dispersability; 
⇒ transport and storage; 
⇒ slow drying; 
⇒ freeze-thaw stability. 
 
• Problems related to process: 
⇒ ink transfer; 
⇒ ink build-up on printing 
plates; 
⇒ poor printability; 
⇒ clean-up problem; 
⇒ substrate wettability; 
⇒ poor lamination; 
⇒ press speed. 
 
• Problems relating to end-use properties: 
⇒ poor adhesion; 
⇒ poor print quality; 
⇒ poor film forming; 
⇒ variations in film 
properties on aging; 
⇒ poor solvent resistance; 
⇒ poor heat resistance; 
⇒ unacceptable odour.
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While some of these criticisms may still be levelled at waterborne coatings, a combination 
of improvements in waterborne coating technology and ever increasing environmental 
pressure have led to their widespread adoption. 
 
2.1.2.1 Waterborne Coating Binders 
 
The binder in a waterborne coating system can be either soluble or insoluble in the 
aqueous phase. It has been suggested that a true water soluble resin is a solution of a 
single polymer molecule completely surrounded by water15. An example of a water soluble 
polymer is polyvinyl acetate (PVA) which is commonly sold as 'wood glue'. However, 
water soluble polymers are not frequently used for coating applications due to their poor 
water resistance15. Further categorization of the different types can be made by 
considering the particle size and molecular weight16: 
 
Property Solution (Water 
Soluble) 
Colloidal 
Solution 
Primary 
Dispersion 
Secondary 
Emulsion 
Appearance Clear Bluish translucent Opaque Milky opaque 
Molecular 
Weight 
<20,000 <100,000 >100,000 <20,000 
Particle Size <0.01 μm <0.1 μm >0.1 μm >0.1 μm 
Viscosity High Medium Low Low 
Solids Content Relatively low Medium High High 
Solvent Content To 25% To 10% <10% <10% 
Pigment Wetting Good Good Poor Poor 
Flow Good Medium Poor Poor 
Applications 
Latitude 
Great Limited Limited Small 
Table 2.1 Forms and Properties of Different Waterborne Coating Systems16 
 
There are slight variations in these definitions and Doren, et al.17 also offer the following 
alternatives: 
 
• Solution 0.001 μm  (water soluble) 
• Colloid  0.001 - 0.1 μm (colloidal dispersion) 
• Dispersion >0.1 μm  (aqueous emulsion) 
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This highlights the potential for confusion when discussing waterborne coatings; the 
authors17 call their colloid a colloidal dispersion and their dispersion an aqueous emulsion. 
Oldring, et al.15 prefer to use: water soluble (molecular weight 5,000-50,00, particle size 
<0.01 μm), colloidal dispersion (molecular weight 10,000 - 200,000, particle size 0.01 - 0.1 
μm) and aqueous emulsion (molecular weight 30,000-1,000,000, particle size >0.1 μm). 
Bentley and Turner6 argue that an emulsion is a dispersion of one liquid in another and 
that waterborne coating resins should be referred to as polymer dispersions. For the 
purposes of this study, waterborne resins will be considered to be either soluble or a 
dispersion. 
 
The dispersion of polymer molecules in an aqueous phase is accomplished by rendering 
polymer (or monomer/oligomer) particles soluble with surface active agents (surfactants). 
Surfactants consist of a molecule with a hydrophilic 'head' (the polar portion of the 
surfactant) and hydrophobic 'tail' (non-polar portion). The surfactant is categorized by the 
nature of the hydrophilic head, which can be either anionic, cation, non-ionic or 
zwitterionic18. Anionic and cationic surfactants have a polar portion with either a negative 
or positive charge respectively, while non-ionics have either a polyether or polyhydroxyl 
polar portion. A zwitterionic substance is one which, while it bears an overall neutral 
charge, contains unit electrical charges of opposite sign19. Some surfactants are 
amphoteric and can exist as cationic, anion or zwitterionic, depending on pH. 
 
Another way of categorizing surfactants is by their application: detergent, wetting agent, 
emulsifier or dispersant20. An additional application of surfactants which has particular 
relevance is as defoamers, which are used to prevent coating resins foaming during 
mixing of the formulation. Figure 2.3 shows the schematic structure of the different types 
of surfactant. 
 
 
Figure 2.3 Surfactant Types and Typical Examples21 
 
Hydrophobe Hydrophile Surfactant Type Chemical Type 
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As a surfactant is added to water, the molecules will have a tendency to associate with 
each other due to the nature of the hydrophobic portions. When a certain loading, known 
as the critical micelle concentration (CMC), is reached the surfactant molecules form 
clusters known as micelles with the hydrophobic portions in the centre of the micelle. This 
is shown in figure 2.4. 
 
 
Figure 2.4 Two Possible Surfactant Micelle Formations20 
 
Figure 2.4 shows two possible configurations of surfactant molecules which have formed 
micelles. Other arrangements are possible and are dependent on a number of factors 
including geometric effects relating to the hydrophobic portion and interaction between the 
hydrophilic head groups18. The micelles form a place for the polymer to reside in the 
aqueous phase and have been referred to as '…a refuge for insoluble organic monomer 
molecules'6. As the coating is cured, the micelles become more closely packed as the 
water evaporates, requiring the repulsion forces created by the surfactant to be overcome. 
In order for a coherent film to form, the individual micelles containing the binder must be 
deformed and fused17. The process is illustrated in figure 2.5. 
 
 
Chapter 2 Literature Review   O.D.Lewis 
   
13 
 
 
Figure 2.5 Film Formation from an Aqueous Dispersion17 
 
2.1.2.2 Pigment Dispersion in Waterborne Coatings 
 
By definition, paints contain pigments, which can be organic or inorganic particles 
dispersed in the liquid resin. Good dispersion is crucial: only by effective dispersion of the 
pigment can any benefits be fully realised. Doren, et al.17 state that many inorganic 
particles are hydrophilic and can therefore be readily dispersed in waterborne coatings. 
However, other authors have emphasized the importance of using dispersants to ensure 
correct dispersion in the liquid phase and during drying of the coating film.  
 
Dispersants were mentioned briefly in the previous section as being one of the 
applications of surfactants. Their role in aiding the dispersion of pigments is similar to that 
in the case of the polymer (or monomer) in the liquid resin, in that they stabilize the 
dispersion of particles in the water. However, with the polymer dispersions, an effective 
film could only be produced if the individual particles were able to fuse together during 
drying, as shown in figure 2.5. In the case of pigment dispersion, separation of the 
particles must be maintained as the coating dries or an ineffective dispersion will result, 
negating the use of the surfactant. This has been discussed by Mestach and Twene22, 
who attempted to disperse colloidal silica particles in waterborne acrylic coatings. The 
colloidal silica particles are sufficiently small that their light scattering effect should be 
minimal, particularly important as the authors were investigating clear coatings for wood 
substrates. However, Mestach and Twene found that although the applied films were 
initially clear, the haze increased during drying, accompanied by a reduction in gloss. The 
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authors state that the polar nature of the silica particles resulted in flocculation caused by 
stresses exerted on the particles as they dried. This then created agglomerates of 
particles which were sufficiently large to scatter light. However, their solution to this 
problem was to render the particles hydrophobic, which seems unusual as it could be 
argued that this would cause the particles to flocculate in the liquid resin rather than 
forming a stable dispersion. Nevertheless, the authors claim that the modified colloidal 
silica could be added to the varnish at loadings of 6% without a significant change in haze 
or gloss. It should be noted, however, that the silica sol was only 30% solids, so a 6% 
loading still represents a relatively small amount of silica. Their research will be further 
considered in Section 2.3, which deals with small particles known as 'nanoparticles'. 
 
The range of surfactants available as dispersant covers the categories discussed in 
Section 2.1.2.1. Particle separation is maintained by either steric, electrostatic or 
electrosteric means. Steric stabilization involves enveloping the particle in a physical 
barrier of surfactant molecules. Because of this, complete particle coverage must be 
ensured21. Electrostatic stabilization relies on ionic repulsive forces to separate the 
particles. According to Holmberg23, electrostatic stabilization is the preferred method for 
waterborne coatings, while steric stabilization is more appropriate for resins using solvents 
such as white spirit or xylene because of the weak electrostatic interactions in these low 
dielectric constant media. The third method, electrosteric dispersion is, as the name 
implies, a combination of electrostatic and steric stabilization. The three techniques are 
illustrated in figure 2.6. 
 
 
Figure 2.6 Stabilization of Pigment Particles by (a) Electrostatic, (b) Steric and (c) 
Electrosteric Means23 
 
Dispersion proceeds first by wetting of the particles and adsorption of the surfactant 
molecules and then breaking up the agglomerates of particles into the individual primary 
particles. Various pieces of equipment are available which aid dispersion by comminution 
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or attrition6 or generating shear forces to separate the primary particles, the principal 
techniques being: 
 
1. Dispersing blade or dissolver: this method of dispersion uses a rotating mixing 
head to disperse the pigment. The dispersing blade is so called because it 
generally has teeth or serrations round the edge. Dispersion is effected by the 
turbulent flow generated by the blade which creates high and low pressure areas 
in the paint, thus generating shear forces which break up the agglomerates17. The 
blades come in many sizes, from laboratory scale devices used in conjunction with 
an overhead mixer to large bespoke industrial machines. The linear speed at the 
tip of the blade is the critical factor as this is defined not only by the rotational 
speed but also the diameter of the blade. A speed of 10 ms-1 has been suggested 
as being sufficient17. However, dissolvers may not be sufficient to disperse all 
pigments and may instead be used as a preliminary to further dispersion 
techniques6. 
2. Ball mill: a ball mill consists of two horizontally mounted rollers, with one roller 
being driven, usually by an electric motor. On to the rollers a metal or ceramic 
cylindrical container is placed containing the pigment and the liquid medium into 
which it is being dispersed, along with the grinding media. These are commonly 
metal or ceramic spheres, whose sizes varies depending on the size of the 
container. By turning the rollers, the cylinder rotates and the speed is set such that 
as the cylinder turns, the grinding media rise up the side of the cylinder, before 
cascading back down and colliding with other spheres. In this way, the pigment 
agglomerates are broken up as the grinding balls collide. Although it is an effective 
dispersion method, the technique is only appropriate for batch production and long 
process times may be required. 
3. Bead or attrition mill: unlike ball mills, bead mills provide a continuous dispersion 
method and rely on small particles or beads (sand, glass, ceramic or metal) which 
are sieved from the paint as it leaves the mill. The equipment consists of a 
stationary cylinder into which the paint is fed at one end. Inside the cylinder there 
are a series of rotating discs which cause the paint to be rotated at high speed. 
Bead mills are the most common form of dispersion equipment used in paint 
manufacture6. 
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2.1.3 Waterborne Acrylic Coatings 
 
Section 2.1 introduced the concept of waterborne coatings and the dispersion of particles 
in such coatings. The current research has focused on modifying a specific waterborne 
coating binder, based on acrylic chemistry. These resins form a commercially significant 
class of waterborne coatings, due to the flexibility of their chemistry and production and 
their hydrolytic stability17. The monomers for these systems are derived from acrylic acid 
esters, or acrylates, which are synthesized by reacting acrylic acid with an alcohol6. An 
extensive variety of homopolymers and copolymers can be produced and other functional 
groups can be incorporated in addition to esters, generating either thermoplastic or 
thermosetting polymers17. The binder adopted for this project was a commercially 
developed acrylic copolymer waterborne dispersion. Due to the commercially sensitive 
nature of the formulation, specific details regarding the chemistry of the binder were 
restricted. 
 
2.2 Nanotechnology 
 
The term ‘nano’ means one-billionth and so in dimensional terms a nanometre (nm) is 10-9 
m. The ability to utilize particles and substances that range in size from 0.1 to 100 
nanometres has propagated an academic and commercial interest in their production and 
application. The field of science and engineering which encompasses the use of nano-
materials is nanotechnology, a term defined in 1974 by Norio Taniguchi24. 
 
Nano-materials do not necessarily have nanometre scale in all three dimensions25. Some 
are thin films, which are only nano-scale in one dimension, nanowires and nanotubes 
have two nano-scale dimensions while some have three, for example nanoparticles. 
 
The benefits of nano-scale materials can be attributed to their greater relative surface 
area (up to many hundreds of m2/g), making materials more chemically reactive and 
because at such a small scale, quantum effects become more significant. This will have a 
bearing on the optical, magnetic and electrical behaviour of the material25, as well as other 
mechanical and chemical properties. 
 
Current growth in the 'nano' sector is large and scope for applications is wide. A report 
produced jointly by The Royal Society and The Royal Academy of Engineering25 and 
commissioned by the UK government explores some of the applications which have 
already been researched. Diverse examples include the use of nano-crystalline silver for 
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antimicrobial wound dressings, active coatings for glass to produce ‘self-cleaning’ 
windows and nanosized titanium dioxide in sunscreen as a UV absorber. The report 
estimates that the skincare market already accounts for 1,000 – 2,000 tonnes of the total 
production of nanoparticles per annum. According to Brezinski24, one projection suggests 
that by 2007, surface coatings incorporating nanotechnology will account for 40% of the 
$3-billion anti-corrosive and thermal insulating automotive coatings market.  
 
2.3 Nanocomposites 
 
One method researchers have used to exploit nanotechnology is to incorporate nanosized 
additions into polymers. This seems a logical development from the established 
techniques of improving the mechanical properties of polymers by the addition of particles 
and fibres. Analogous to this is the use of nanoclay platelets, nanosized silica and metal 
oxide particles, nanofibres and nanotubes as reinforcing additions. However, in the case 
of nanosized additives, improvements in physical properties have been observed with 
comparatively low particle additions of less than 10 wt.%. 
 
With many paints already containing inorganic pigment particles, the interest in 
nanocomposites has not been restricted to bulk polymer applications. Researchers and 
paint formulators alike have been drawn to investigate the potential benefits of reducing 
the size of common pigment particles such as titanium dioxide or to experiment with 
additives such as carbon nanotubes to produce additional consumer benefits in their 
coating applications. 
 
In Section 2.2, nanotechnology was defined as encompassing dimensions up to 100 nm; 
above this is the region known as 'sub-micron'. However, some researchers have 
extended the definition of 'nano' to several hundred nanometres and indeed it seems 
pedantic to describe a particle as, for example 0.11 μm rather than 110 nm. The 
flocculation and dispersion of particles in organic coatings was discussed in Section 
2.1.2.2 and an additional complication with coatings could be that nanoparticles dispersed 
in the liquid paint might flocculate on drying of the film, forming agglomerates of over 100 
nm.  
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2.3.1 Nanoclays 
 
Inorganic clays, having a layered structure, contain particles which in turn are composed 
of stacks of clay platelets. Such clay particles have been extensively utilized as additives 
in composites but current interest lies in the ability to separate the individual platelets and 
disperse them in a polymeric matrix. The rationale for this approach is that the mechanical 
properties of the individual layers will be reduced by the weak forces acting between the 
layers. These interlayer bonds may therefore act as damage initiation sites26. A visual 
representation of the three types of nanoclay, described by Komori and Kuroda27, is 
shown in figure 2.7. 
 
 
Figure 2.7 Schematic Structures of Layered Materials27 
 
2.3.1.1 Polymer Layered Silicate Nanocomposites (PLSNs) 
 
Articles providing an introductory review of nanocomposite production using silicate clays 
have been written by several authors26,28,29,30. These minerals, which can be naturally 
occurring or manufactured, have a layered (platelet) structure consisting of silica SiO4 
tetrahedra bonded to alumina AlO6 octahedra. If these are present in a ratio of 2:1 the 
resulting clay is know as a smectite clay. The most commonly utilized type of smectite 
clay is montmorillonite, which has a plate thickness of approximately 1 nm (0.96 nm, 
according to Vaia31). The individual platelets are held by weak van der Waals forces into 
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stacks of hundreds or even thousands to form a clay particle. The platelets bear a 
negative charge on the surface and edges, which varies with the exact composition of the 
clay. The charge on the surface of the platelets is balanced by the presence of cations in 
the interlayer spaces. Typically these are sodium ions, as shown in figure 2.7a and hence 
the clays often have names such as sodium bentonite or sodium montmorillonite. The 
presence of the surface charge makes the clay hydrophilic and so in many instances, ion 
exchange is used to alter the polarity of the clay and render it organophilic. Clays that 
have been modified in this way are known as organoclays or organically modified layered 
silicates (OLSs).  
 
An example is the use of 12-aminododecanoic acid (ADA) to exchange the sodium ions in 
montmorillonite28: 
 
Na+-Clay + HO2C-R-NH3+Cl- → HO2C-R-NH3+-Clay + NaCl 
 
There are exceptions, when this process is not necessary, as discussed in literature26: 
 
• being hydrophilic, water soluble polymers, such as polyethylene oxide (PEO) and 
polyvinyl pyrrolidone (PVP) are compatible with the clays and so intercalation of 
the platelets takes place without pre-treatment; 
• polymers without polar functional groups, such as polypropylene (PP) require 
either the grafting of polar groups or other polymers onto the host polymer chain. 
For example the introduction of copolymers which consist of both a hydrophilic and 
a hydrophobic block. These are compatible with the clay and polymer, 
respectively. 
 
The alkylammonium ions used to render the platelets organophilic also increase the 
interlayer (gallery) spacing. This is beneficial as it aids intercalation of the 
monomer/polymer. According to LeBaron, et al.29, the greatest increase in layer spacing 
will arise when the onium ions have long chains and the clay platelets have higher charge 
density. The latter will also have an effect on orientation of the onium ions. The ions can 
either lie parallel to the platelets in a monolayer or bilayer or form a pseudo-trimolecular 
layer or inclined paraffin structure. This is shown schematically in figure 2.8.  
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Figure 2.8 Orientation of Alkylammonium Ions in Interlayer Spaces29 
 
The authors29 state that the orientation of the ion chains was originally found as a result of 
infrared and X-ray diffraction (XRD) measurements carried out by Lagaly32. Even after 
intercalation, the gallery spacing is small. According to Nanocor, a supplier of 
montmorillonite nanoclays, their treatment process increases the platelet spacing from 
around 0.35 nm to above 2 nm33.  
 
Hay and Shaw28 stress the importance of utilising the correct type of modified clay in order 
to maximize the penetration of the polymer and produce the desired intercalated or 
exfoliated nanocomposite. They also postulate that development of compatibilzation 
techniques is crucial to further exploit the potential of nanocomposites. 
 
 
Figure 2.9 Intercalated and Exfoliated Nanocomposites28 
 
Production of the polymer/clay nanocomposite then involves introduction of the polymer to 
the gallery spaces between the clay platelets, hence the term polymer-layered silicate 
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nanocomposite. The two idealized structures are shown in figure 2.9, illustrating the 
difference between intercalated and exfoliated structures. 
 
LeBaron et al.29 suggest that there are actually two types of exfoliated structure: ordered 
and disordered. They illustrate this point schematically and include a comparison between 
a conventional clay-filled composite and a nanocomposite, (figure 2.10). 
 
 
Figure 2.10 Composite and Nanocomposite Structures29 
 
The authors state that intercalated nanocomposites have a fixed interlayer spacing, while 
in an exfoliated material, the platelet spacing is determined by the clay loading. They also 
note that ordered exfoliated structures can be observed by XRD while disordered 
exfoliated materials are X-ray amorphous. 
 
Vaia31 proposes further subdivisions of the available structures. In addition to the ordered 
intercalated structure shown in figure 2.9, the author describes disordered intercalated 
structures, where greater intercalation takes place at the exterior of the clay particles. In 
certain cases, morphologies have been observed where intercalated crystallites have 
been surrounded by uncorrelated layers. This is reported to occur because the platelets at 
the edge of the crystallites are smaller and can separate more easily from the stack. Vaia 
also subdivides the exfoliated category into materials in which the platelets are ordered, 
disordered and partially ordered. The author suggests that the final morphology of a 
nanocomposite will arise from kinetics associated with Brownian motion, shear alignment 
of the platelets and processing history. However, many nanocomposites will, in reality, 
probably not fall conveniently into one category. Figure 2.11 shows a transmission 
electron microscope (TEM) bright field image of exfoliated nanoclay platelets in an epoxy 
matrix. 
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Figure 2.11 TEM Bright Field Image of Exfoliated Nanoclay Platelets31 
 
Modification of the clay platelets is followed by fabrication of the composite itself, the 
particular method depending on the polymer system being used, the processing route and 
the required properties. 
 
2.3.1.1.1 In Situ Polymerization 
 
According to Gao26, polymers incorporating nanosized clay particulates have been under 
development since the 1980’s, with commercial application following in 1991 when Toyota 
introduced timing covers made from a clay/nylon-6 nanocomposite to their cars. These 
materials were produced by the in situ polymerisation technique. Kato and Usuki34, who 
refer to the technique as the monomer intercalation method, provide further details of the 
work carried out by the Toyota research group. Ion exchange was first performed on the 
montmorillonite particles using 12-aminododecanoic acid (described in Section 2.3.1.1) to 
produce an organophilic clay. According to the authors, an ammonium cation of ω-amino 
acid was used because it would catalyse the ring opening polymerization of the monomer, 
ε-caprolactam. By appropriate modification of the clay, the ε-caprolactam can intercalate 
the interlayer spacing before being polymerized ‘in situ’.  
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Polymerization can be effected by several methods30: 
 
• heat or radiation; 
• diffusion of an initiator; 
• introduction of an initiator or catalyst during the ion exchange process. 
 
Another example of this technique which has been described27 is the intercalation of 
poly(acrylonitrile) into magdiite, another layered silicate clay. In this case the magdiite was 
rendered organophilic by ion exchange before being soaked in an excess of acrylonitrile 
monomer containing 0.7 wt.% benzoyl peroxide. The latter acts as an initiator for the 
polymerization which takes place at a temperature of 50o C in air over a period of 24 
hours. 
 
2.3.1.1.2 Solution Intercalation 
 
This process involves the dispersion of both the organophilic clay and polymer in a polar 
solvent. The solvent acts to swell and disperse the clay. On removal of the solvent, a 
polymer-clay nanocomposite is formed. Kato and Usuki34 (referring to this as the common 
solvent method) discuss research carried out by Toyota35. The researchers modified 
montmorillonite with dodecylammonium ions before dispersing the clay and polyamic acid 
(a polyimide precursor) in dimethylacetamide (DMAC). It was found that as the number of 
carbon atoms in the ammonium ion increased, the montmorillonite became too 
hydrophobic. Dodecylammonium ions were found to produce the most homogeneous 
dispersions in DMAC. 
 
Problems with this technique include the cost of solvents required for many engineering 
polymers and the health and safety issues associated with the use of such solvents38. 
However, the development of systems incorporating water-soluble polymers has been 
proposed as a safe, environmentally conscious solution26,29. 
 
2.3.1.1.3 Melt Processing 
 
Melt processing involves incorporating the nanoclay during a polymer melt processing 
stage such as extrusion or injection moulding. Clearly, this technique is commercially 
interesting as it allows manufacturers to benefit from the improved properties of a 
nanocomposite while still utilising existing processes and equipment. It also allows clay 
Chapter 2 Literature Review   O.D.Lewis 
   
24 
 
loading and hence processing parameters and properties, to be individually tailored for 
different products. 
 
PP is one polymer from which a polymer-clay nanocomposite has been successfully 
produced by melt processing. The issues involved in its production have been 
investigated by Kawasumi, et al.36. One problem is the non-polar nature of PP, which has 
to be modified using maleic anhydride to ensure compatibility with clay. The researchers 
derived a system for producing the composite as follows: 
 
• modification of montmorillonite clay using stearylammonium ions; 
• mixing of organoclay, maleic anhydride modified PP oligomer (PP-MA) and 
polypropylene in dry powder form; 
• melt blending at 210o C using a twin-screw extruder. 
 
According to Kato and Usuki34, the PP-MA intercalates the clay platelets due to strong 
hydrogen bonding taking place between the maleic anhydride group and the oxygen 
groups of the silicate layers. This also increases platelet spacing, weakening the 
interaction between the platelets, thus further aiding exfoliation. 
 
In another attempt to develop melt processing, Oya37 hypothesized that the ion exchange 
ability of the smectite clays suggested attractive forces between the platelets were weak 
and that mechanical shearing might be sufficient to exfoliate the clay. Composites were 
prepared by mixing ion-exchanged montmorillonite with PP at 160o C before hot pressing 
the material into a thin film. However, X-ray diffraction of the ion exchanged clay and the 
nanocomposite showed no change in the interlayer spacing and the author sought 
alternative methods for producing exfoliated structures. 
 
It has been suggested that this method for synthesizing polymer-clay hybrids is not 
capable of producing well-exfoliated nanocomposites and that the resulting materials do 
not take full advantage of the potential benefits of this technology26,29. However, melt 
processing offers perhaps the most commercially viable route to producing 
nanocomposites using commodity polymers. 
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2.3.1.1.4 Other Processing Techniques 
 
The three processing routes already described account for the majority of research that 
has been undertaken to date. However, other processes have been developed for use in 
specific applications. Examples include the use of covulcanization to produce 
nanocomposites of nitrile-butadiene rubber containing montmorillonite34 and the solid 
intercalation method whereby the clay is mixed with polymer powders and then 
compressed at 330 MPa at ambient temperature38. 
 
2.3.1.2 Layered Double Hydroxide (LDH) Clays 
 
Another type of layered clay shown in figure 2.7 is the layered double hydroxide clay. 
These clays are also known as mixed metal oxide or anionic clays due to their general 
structure39: 
 
Ma2+Mb3+(OH)2a+2b(X-)2b.xH2O 
 
Where Ma2+ and Mb3+ are divalent and trivalent metal cations and X- is an interstitial anion. 
The most common of these materials is hydrotalcite, Mg6Al2(OH)16(CO32-).4H2O, also 
known by names such as  MgAl LDH. Hydrotalcite is a naturally occurring mineral but is 
often produced synthetically. 
 
Reichle39 investigated the production of hydrotalcite clays by mixing concentrated 
solutions of sodium hydroxide and carbonate with concentrated magnesium and 
aluminium salts. The resulting gel was then crystallized at different temperatures and the 
morphologies and catalytic activity studied. The results are shown below in table 2.2. 
 
 Crystallization Temperature (oC) 
65 - 75 200 300 
Morphology Thin platelets Hexagonal platelets Hexagonal platelets 
Size (μm) 0.2 x 0.01 1.0 x 0.1 15 x 0.1 
Surface Area 
(BET/N2) 
120 12 - 
Catalytic Activity 
acetone aldol (300O) 
Very active Inactive - 
Table 2.2 Effect of Crystallization Temperature on Hydrotalcite Clays39 
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The table shows that even the thinnest platelets produced by Reichle were around 10 nm 
thick, as opposed to the 1 nm often stated for the cationic layered clays. At this thickness, 
the author refers to producing “…only thin, poorly crystallized platelets…” Unfortunately 
the electron micrographs included by the author in reference 39 have not been 
reproduced very well and so it is not possible to make any further observations. 
 
The most frequent use for hydrotalcite seems to be as a catalyst and there is not a large 
amount of literature regarding its use as a nanocomposite additive in comparison to the 
cationic layered clays. Reichle states that carbonate anions are generally found in the 
interstitial spaces as they are readily incorporated and ‘held very tenaciously’ but several 
techniques can be performed on the clays to render them organophilic40: 
 
• anion exchange reaction; 
• direct synthesis; 
• reconstruction; 
• restacking. 
 
In addition to research into their use as thermal stabilizers in polyvinyl chloride (PVC)41,42, 
layered double hydroxides have been incorporated into polyethylene (PE)43-45, epoxy46, 
polyimide (PI)47, polystyrene (PS)48, polymethyl methacrylate (PMMA)49, poly(ε-
caprolactone)50 and poly(ethylene-grafter-maleic)51 matrices. The clay used is not always 
MgAl based, with some researchers preferring ZnAl LDH42,45,48 or even MgZnAl LDH41. In 
the latter case the authors make no attempt to reconcile the structure of their LDH with 
that reported by Reichle and others. However, Lin, et al.41, attempting to improve the 
flame retardancy of PVC state that the performance of the MgZnAl LDH is superior in this 
respect to MgAl LDH. 
 
Of particular relevance to this study, Mestach and Twene22 reported the incorporation of 
hydrotalcite into waterborne acrylic varnish formulations. The authors state that 
hydrotalcite exists as aggregates measuring 0.1 – 10 mm, which consist of primary 
particles 200 nm x 8 – 10 nm which in turn contain individual lamellae 200 nm x 1 nm 
(thinner than those produced by Reichle39). The purpose of adding the hydrotalcite to the 
varnish was to reduce the effect of staining caused when water soluble chromophoric 
compounds (tannins) are leached from the wood substrate. Nanoparticles are particularly 
attractive in this application as their small size will minimize light scattering and hence 
hazing of the coating. The authors stated that one of their goals was to break the 
agglomerates of hydrotalcite into the primary particles or even the individual lamellae. To 
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achieve this, they added a proprietary anionic dispersing agent to a 2.5% aqueous 
hydrotalcite slurry and then added this to their acrylic dispersion. Their paper includes a 
table stating that they added a value of “19.3” hydrotalcite slurry to their formulation. It is 
not clear what this value represents; it could be a mass in grams or a percentage. If it is a 
percentage, the values given in the table do not add up to 100%. Although the authors 
claim an improvement in the tannin blocking ability with their hydrotalcite-modified varnish, 
they do not include any information regarding the dispersion of the particles and so it is 
not clear whether or not they succeeded in separating the primary particles into 
individually dispersed lamellae. The work of Mestach and Twene22 was mentioned 
previously in Section 2.1.2.2 when their use of surfactants to render particles hydrophobic 
before incorporating them into waterborne coatings was discussed.  
 
2.3.2 Polymer-Cationic Clay Nanocomposite Systems 
2.3.2.1 Nylon 
 
As mentioned in Section 2.3.1.1.1, a clay/nlyon-6 material was the first nanocomposite 
material to enjoy commercial application following research by the Toyota research group. 
Yasue, et al.52 state that the first true nanocomposite which could be processed by 
conventional moulding techniques was produced by Fujiwara and Sakamoto in 197653 
using in situ polymerization. However, while this was a two step process, Yasue, et al.52 
report on the development of a single step process. The authors decided to investigate 
replacing the sodium ion in the clay with aminocaproic acid during polymerization. 
Aminocaproic acid is formed during hydrolytic polymerization, which is used to synthesize 
nylon-6. The process stages can be outlined as follows: 
 
• synthetic mica, with optimized ion exchange capacity, water and ε-caprolactam are 
mixed and held at 80o C; 
• ε-caprolactam intercalates into the mica, increasing the platelet spacing (no ion 
exchange has taken place yet and the sodium ion remains in the interlayer); 
• temperature is raised to 220o C resulting in ε-caprolactam being hydolyzed to 
aminocaproic acid, with some portion being protonated; 
• ion exchange takes place, causing the protonated aminocaproic acid to replace 
the sodium ion. The sodium ion is forced out into the matrix phase; 
• further addition of  ε-caprolactam into the interlayer spaces results in separation of 
the platelets as they cannot withstand the shearing stress. 
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The sodium ion which has been removed from the mica is thought to react with carboxylic 
end groups of the nylon and is removed as a salt during purification which is carried out 
after polymerization. The researchers claim improvements in mechanical properties as 
outlined in table 2.3. They also add that the mechanical properties did not deteriorate 
during ‘recycling’ (i.e. crushing and remelting), which they suggest offers an improvement 
over fibre reinforced nylon composites. They attribute this to the small size of the clay 
platelets, which do not break, unlike conventional fibres. However, no details are given 
regarding any experiments carried out into the recyclability of their material.  
 
 Nanocomposite Nylon-6 
4 wt.% Mica 6 wt.% Mica
Specific Gravity 1.15 1.17 1.14 
Elongation (%) 4 4 100 
Flexural Strength (MPa) 158 176 108 
Flexural Modulus (GPa) 4.5 5.6 3.0 
DTUL* (at 1.8 MPa) (oC) 152 158 70 
*Distortion Temperature Under Load 
Table 2.3 Properties of Nanocomposite versus Unfilled Nylon52  
 
These results suggest that even with 4 wt.% synthetic mica, the strength, modulus and 
DTUL are significantly improved compared with the unfilled material. Although the tensile 
elongation was greatly reduced by the addition of nanoclay, the authors state that when 
films of less than 1 mm thick were tested, the elongation was considerably higher. In the 
case of the results displayed in table 2.3, the thickness of the test specimens was 3.2 mm. 
The authors do not elaborate on the reasons for this reduction in elongation in their report. 
Improvements in the gas barrier properties are also reported. The addition of 4 wt.% mica 
was also found to reduce the gas permeability to a half to one-third of the unfilled nylon-6. 
The reduction in gas permeability engendered by the addition of nanoclays is discussed 
further in Section 2.3.2.2. 
 
Cho and Paul54, at the Univeristy of Texas at Austin carried out a study examining the 
production of clay/nylon-6 nanocomposites using a melt processing technique. They 
identified this as a potentially promising process, citing the benefits already discussed in 
Section 2.3.1.1.3. They proposed that the degree of exfoliation of the clay platelets is 
related to process parameters, namely the matrix viscosity, average shear rate and mean 
residence time in the mixing process. 
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The researchers used sodium montmorillonite clay, from which an organoclay was formed 
by ion exchange using bis(hydroxyethyl) (methyl) rapeseed alkyl ammonium chloride. The 
nanocomposites were then formed by melt compounding, using single and twin-screw 
extruders for comparison. Details of the extrusion process are given in table 2.4.  
 
 Single Screw Extruder Twin Screw Extruder 
Screw Length (mm) 762 305 
Screw Diameter (mm) 25.4 30 
Barrel Temperature (oC) 240 240 
Screw speed (rpm) 40 280 
Residence Time (min) 2.35 5.3 
Table 2.4 Extruder Details for Clay/Nylon-6 Nanocomposite Melt Processing54 
 
The compounded material, now in pellet form, was then injection moulded to form 
standard test specimens. Capillary rheometry experiments were also undertaken using 
the nanocomposite pellets and it was found that the material exhibited lower melt viscosity 
than the unfilled nylon-6. 
 
The researchers used transmission electron microscopy (TEM) and X-ray diffraction 
(XRD) to analyze the specimens. It was found that the single-screw extrusion process 
resulted in a structure that was not fully exfoliated and in some areas was akin to a 
conventional composite material. The authors suggest that this can be attributed to low 
shear and short residence time. TEM images suggesting that the twin-screw extruder was 
able to produce exfoliated clay/nylon-6 hybrids were verified by XRD. The absence of the 
peak relating to the basal spacing of the clay confirmed the exfoliated nature of the 
material (as discussed in Section 2.4.1.1). They did find, however, that their TEM images 
showed an average platelet thickness of 3 nm rather than the expected 1 nm. They 
suggested three potential causes: 
 
• the clay platelets were not fully exfoliated; 
• inaccurate focusing of the TEM; 
• microtoming direction is not perpendicular to the platelet surface. 
 
The authors carried out experiments to evaluate the thermal and mechanical properties of 
the nanocomposites and compared them to three other materials. These were a neat 
nylon-6, a nylon-6/glass fibre conventional composite, nylon-6 montmorillonite 
conventional composite and the nylon-6/organoclay nanocomposite. The results are 
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reproduced in tables 2.5 and 2.6. Results given for the nylon-6 nanocomposite are 
materials produced using the twin-screw extrusion technique. 
 
Material Filler (wt.%) Tg (oC) Tm (oC) 
Nylon-6 0 53.1 221 
Nylon-6/glass fibre 5 53.8 218 
Nylon-6/montmorillonite 5 53.7 215 
Nylon-6 nanocomposite 5* 50.8 217 
*actual mineral content 3.16 wt.% 
Table 2.5 Thermal Properties of Nylon-6 Composites54 
 
Material Mineral 
Content 
(%) 
Izod 
Impact 
Strength 
(J/m) 
Modulus 
(GPa) 
Yield 
Strength 
(MPa) 
Elongation at Break (%) 
0.51 cm/min 
Crosshead 
Speed 
5.08 cm/min 
Crosshead 
Speed 
Nylon-6 0 38 ± 4 2.66 ± 
0.2 
64.2 ± 
0.8 
200 ± 30 40 ± 8 
Nylon-6/glass 
fibre 
5 53 ± 8 3.26 ± 
0.1 
72.6 ± 
0.8 
18 ± 1.3 14 ± 4 
Nylon-
6/montmorillonite 
5 40 ± 2 3.01 ± 
0.1 
75.4 ± 
0.8 
22 ± 6.0 14 ± 3 
Nylon-6 
nanocomposite 
3.16 38 ± 3 3.66 ± 
0.1 
83.4 ± 
0.7 
126 ± 25 38 ± 19 
Table 2.6 Mechanical Properties of Nylon-6 Composites54 
 
The results suggest that these nylon-6 nanocomposites have slightly lower glass transition 
and melting temperatures compared with unfilled nylon. More significant are the modulus 
and yield strength, which are both superior to the neat nylon and either of the conventional 
composites. The elongation results suggest that the nanocomposite will outperform either 
of the conventional composites but the errors quoted suggest there is much greater 
variation in the results. Considering the errors in the 5.08 cm/min results, a situation might 
arise where a conventional composite will exhibit greater elongation than the 
nanocomposite. This may cause concern if nylon-6 nanocomposites are used in safety 
critical applications. Another questionable aspect of their comparative data is that they 
have produced conventional composites with 5% additive loading. Although this allows 
direct comparison between the data, it is not indicative of typical loadings found in such 
composites. 
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Further data is available from other researchers who have sought to produce clay/nylon-6 
hybrids by melt processing55. Due to the similarities in production, it is interesting to 
compare some properties of their nanocomposites, given in table 2.7, to those tested by 
Cho and Paul. 
 
Material Clay Content 
(wt.%) 
Tensile Modulus 
(GPa) 
Yield Strength 
(MPa) 
Elongation at 
Break (%) 
Crosshead Speed 50 mm/min 
Nylon-6 0 1.18 ± 0.05 45.0 ± 1.0 49.0 ± 9.0 
Nylon-
6/montmorillonite* 
6 1.04 ± 0.02 41.0 ± 1.0 29.0 ± 3.0 
Nylon-6 
nanocomposite 
6 1.4 ± 0.08 45.0 ± 1.0 14.0 ± 1.0 
*Like Cho and Paul, the authors also produced composites with unmodified montmorillonite 
Table 2.7 Mechanical Properties of Nylon-6 Composites55 
 
It is interesting to note that the results shown in table 2.7 suggest that the unmodified 
montmorillonite composite has inferior mechanical properties compared to the neat nylon-
6. Cho and Paul themselves comment on the fact that their results, shown in table 2.6, 
disagree with other authors in showing an improvement in mechanical properties for the 
nylon-6/montmorillonite composite. 
 
The processes investigated by Cho and Paul54 and Araújo, et al.55 to produce clay/nylon-6 
hybrids by melt processing still require the silicate clay to be rendered organophilic by ion 
exchange. Hasegawa, et al.56 at the Toyota Central Research and Development 
Laboratories have reported on the melt processing of clay/nylon-6 materials without the 
need to perform ion exchange on the clay. Their method exploits the hydrophilic nature of 
montmorillonite clay by exfoliating the clay particles in water then compounding the slurry 
with molten nylon-6. The technique is shown in figure 2.12. 
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Figure 2.12 Schematic Showing the Novel Processing Technique Developed by 
Hasegawa, et al.56 
 
The authors produced a clay slurry containing 40 g sodium montmorillonite in 1960 ml of 
water. This was mixed with the nylon at a rate of 2 kg/h (giving a final content in the 
nanocomposite of 1.6 wt.% clay) at 240 – 250o C. Residence time in the extruder cylinder 
was approximately 10 minutes. The water vapour was removed from the melt by a 
vacuum applied at the vent shown in figure 2.12 (labelled ‘bent’). XRD peaks for the clay 
particles were not seen for these materials and TEM observations confirmed that the 
majority of the clay had been exfoliated. The researchers also found that the dispersion of 
the clay platelets did not deteriorate after further processing such as injection moulding. 
This suggests that, once exfoliated, the clay platelets can exist in a stable form in the 
molten nylon. The clay/nylon-6 hybrid was found to give improvements in strength, 
modulus and heat distortion temperature over nylon-6 and also a reduction in gas 
permeability. However, unlike the nanocomposites produced by Cho and Paul54, 
Hasegawa, et al. found that improvements in certain mechanical properties were obtained 
at the expense of impact strength, which decreased by 12%.  
 
A study into the effect of sodium montmorillonite source on melt processed clay/nylon-6 
hybrids was undertaken by Fornes, et al.57. The authors defined the parameters which 
affect nancomposite processing and performance as: 
 
Polymer and processing: 
• processing conditions; 
• melt rheology; 
• structure of alkylammonium compound used for ion exchange; 
• structure of the nylon: repeat unit structure and end group configuration and 
concentration. 
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Layered silicate structure: 
• level and distribution of cationic exchange sites; 
• average size of platelet stacks and individual platelets; 
• clay purity. 
 
They identified the two commercially important sources as being mines in Wyoming, USA 
and Yamagata, Japan. Morphological studies of nanocomposites produced from each 
source showed that the Yamagata clay contained slightly larger platelets. These gave rise 
to higher aspect ratios, thus producing materials exhibiting superior stiffness and tensile 
strength. The authors conclude that the observed behaviour complies with conventional 
composite theory. 
 
Another novel process for preparing clay/nylon-6 nanocomposites has been suggested by 
researchers at Texas A&M University in the USA58. Interest in rapid prototyping and rapid 
manufacturing techniques has led to investigations into the use of laser sintering to 
produce clay/nylon-6 nanocomposites. However, the authors do not state how the 
montmorillonite was incorporated into the nylon-6 prior to laser sintering, nor have they 
ascertained experimentally whether or not the montmorillonite has been exfoliated. 
Despite this, the authors reported that melt flow index (MFI) experiments had shown that 
additions of even 5 wt.% nanoclay produced an increase in the viscosity of the molten 
polymer. One conclusion of the paper is that increasing clay content will increase 
viscosity, although the researchers appear to have based this assumption on tests carried 
out only at one particular loading, 5%. 
 
As previously stated, clay/nylon-6 nanocomposite systems have been extensively 
researched and have already enjoyed commercial success52. Injection moulding 
processes have been utilized to produce engine timing covers, oil reservoir tanks and 
electrical connectors; transparent films with good gas barrier properties have been 
produced for packaged products and nanocomposite fibres have been produced by 
conventional spinning techniques. A further novel, high performance application that has 
also been investigated is the use of these materials in ablative applications59. In this 
instance, testing involved subjecting the nanocomposite to the combustion products from 
a solid rocket motor firing rig. 
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2.3.2.2 Polyethylene Terephthalate (PET) 
 
The ability of nanoclays to reduce gas permeation has also been researched and widely 
reported26,28-33. These developments are significant in the packaging industry, an example 
being the use of PET for drinks bottles, as discussed by Matayabas and Turner60. The 
authors state that although this polymer enjoys widespread use, its barrier properties are 
not sufficient for certain beverages such as beers and wines. Their research involved 
producing exfoliated clay/PET nanocomposites, the rationale being that the presence of 
the clay platelets would produce a more extended pathway for the gas to permeate, as 
shown in figure 2.13. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.13 Barrier Enhancement Using Nanoclay platelets60 
 
Further benefits of using an exfoliated nancomposite are, according to the authors: 
 
• clay platelets have the highest possible aspect ratio giving greatest barrier 
performance; 
• the exfoliated state gives the smallest particle size and therefore least reduction in 
polymer clarity; 
• strength, stiffness, dimensional stability and heat resistance are improved over the 
unfilled polymer.  
 
The clay used in the research was montmorillonite smectite clay with a platelet height of 
about 1 nm and a width of around 200 nm. Even small additions of less than 5 wt.% ash 
were found to give what the authors describe as ‘significant’ barrier improvements to 
oxygen, carbon dioxide and water vapour. 
 
Polymer 
matrix 
Nanoclay 
platelet 
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Two methods for adding the clay to the polymer were investigated: in situ polymerization 
and melt processing. The authors then considered two alternative approaches to in situ 
polymerization: 
 
• intercalation of the clay using polyvinylpyrridone (PVP) or polyvinyl alcohol (PVA). 
This was then exfoliated in ethylene glycol which is a monomer for producing 
PET; 
• ion exchange using an alkylammonium ion, as described in Section 2.4.1.1. 
 
Nanocomposites manufactured by each processing route were found to have enhanced 
gas barrier properties when compared to unmodified PET.  
 
Melt processing was also investigated as the authors surmised that, as PET production 
processes are already in place, it would be commercially preferable to add nanoparticles 
after polymerization. Another reason given being the need to develop a flexible process 
which can accommodate variations in formulations and product volumes. However, it was 
found that melt processing could not produce materials with gas permeability as low as 
those produced using in situ polymerization. In order to increase the exfoliation of the 
organoclay, the researchers then investigated the use of expanding agents to increase 
the interlayer spacing, as outlined in table 2.8. 
 
The measurements were made after mixing 40 wt.% expanding agent with 60 wt.% 
bishydroxyethylmethyltallowammonium treated montmorillonite (organoclay) in methylene 
chloride. The method of determining basal spacing is not stated but the authors refer to 
the use of wide-angle X-ray scattering (WAXS) to perform this function elsewhere in their 
report. Of the expanding agents listed in table 2.8, the authors comment on the 
effectiveness of the AQ55 expanding agent in producing nanocomposites with improved 
clarity. Although not explicitly stated, it is assumed that the authors believe this clarity to 
be the result of good exfoliation of the clay. This would, according to their suggested 
mechanism of barrier enhancement, imply that this nanocomposite has lower 
permeability. The researchers conclude that although melt processed nanocomposites 
can offer improved gas barrier capability, performance is still inferior to those produced by 
in situ polymerization. 
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Expanding Agent Basal Spacing (nm)* 
Poly(dimethylsiloxane), carbinol terminated 4.5 
Polyethylene glycol distearate 4.2 
Zonyl A 3.8 
Polysar 101 polystyrene 3.7 
Vitamin E 3.6 
Ethoquad 18-25 3.5 
Polyglycidylacrylate PD7610 3.4 
AQ55 3.2 
PETG 6763 3.1 
Epon 828 3.1 
Polycaprolactone 3.0 
Polymethacrylate SCX800B 3.0  
Poly(vinylpyrrolidone) 2.9 
Makrolon 2608 polycarbonate 2.9 
Poly(ethylene oxide), MW 3350 2.4 
None 2.0 
 *The term basal spacing refers to the thickness of a silicate layer plus an interlayer space. 
Table 2.8 Effect of Expanding Agents on the Basal Spacing of Organoclay60 
 
The model of barrier enhancement shown in figure 2.13 has relevance to the current study 
as it could be considered analogous to the permeation of moisture through a coating. 
 
2.3.2.3 Epoxy 
2.3.2.3.1 Resins, Curing Agents and Processing 
 
Although much of the pioneering work to produce polymer/layered silicate 
nanocomposites involved nylon matrices, subsequent interest in epoxy/clay 
nanocomposites has generated considerable data regarding this particular system. As 
epoxides are extensively utilized as adhesives and coatings, this branch of 
nanocomposite technology is of particular relevance to this study. 
 
The production of epoxy/clay nanocomposites by in situ polymerization was the subject of 
a patent in 198961 which encompassed all resins except polyamide (nylon). The patent 
describes the mixing of the monomer/oligomer resin with an ion exchanged layered 
silicate clay before polymerizing the mixture. The patent also states that the onium ion 
used should preferably act as an initiator for the polymerization reaction, a constituent unit 
of the resin or as a curing agent. The inventors quote a specific example of an epoxy/clay 
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material produced using the technique covered by the patent. They first mixed a 
montmorillonite clay with an onium salt in water. The chosen onium salt had the following 
composition: 
 
Cl-H3N+(CH2)11COOH 
 
The organoclay was then dried before being mixed with Shell Epicoat 828 diglycidyl ether 
of bisphenol-A (DGEBA) epoxy resin in the ratio 5:100 by weight. The mixture was 
dispersed in the solvent N,N,-dimethylformamide before being stirred at 80o C for 2 hours. 
These steps presumably aided dispersion and delamination of the organoclay platelets in 
the epoxy resin. Following removal of the solvent, one hundred parts by weight of the 
resin/clay was mixed with 30 parts by weight diaminodiphenylsulfone before compression 
moulding at 200o C. XRD suggested epoxy/clay nanocomposite was exfoliated and the 
heat distortion temperature and Izod impact strength were both improved compared to the 
unmodified Epicoat 828.  
 
Further literature covering epoxy/clay nanocomposites was published in 1994 with a paper 
describing the spontaneous self-polymerization of diglycidyl ether of bisphenol-A 
(DGEBA) when mixed with ion exchanged montmorillonite at elevated temperature (198 – 
287o C)62. The authors found that onium ions such as protonated primary amines, 
diamines and aminocarboxylic acid acted as acid catalysts for polymerization at elevated 
temperature. At the same time, other researchers reported on the production of 
epoxy/clay hybrids but with the DGEBA epoxy resin being cured by nadic methyl 
anhydride (NMA), benzyldimethylamine (BDMA) or boron trifluoride monoethylamine 
(BTFA) at 100 – 200o C63. 
 
Using the in-situ polymerization technique, Chen, et al.64 have produced epoxy/clay 
nanocomposite films, whose corrosion protection performance was measured using 
polarization and electrochemical impedance spectroscopy (EIS). The authors propose that 
the requirement for such a coating would be as part of a potential chromate-free coating 
process for the aerospace industry. They state that the Air Force Research Laboratory in 
the USA has set a target lifetime for the coatings of 30+ years. Films were produced on 
aluminium substrates, with bisphenol-F and bisphenol-A resins incorporating 
montmorillonite organoclays being investigated.  
 
In order to produce the nanocomposites, the epoxy resin was mixed with organoclay in 
the desired ratio before adding the curing agent. The researchers commented that the 
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resulting material was transparent, both in the bulk state or as a coating. By using in situ 
small angle X-ray scattering (SAXS), examinations of nanocomposites containing an 
aerospace epoxy (Epon 862) matrix and 3% organoclay were performed to monitor 
morphology evolution during curing. The authors observed an increase in interplanar 
spacing from 1.34 – 2.26 nm to above 13.6 nm. From this, they inferred that the material 
had an exfoliated structure, their definition of exfoliated nanocomposites being those 
whose platelet interlayer spacing is greater than 10 nm. However, using a different curing 
agent (Epi-Cure 8290-Y-60) produced intercalated materials where the spacing of 
platelets only increased to 3.3 nm. The researchers concluded that in the first instance the 
ammonium acidity in the interlayer spaces reduced cure temperature locally, causing 
curing to begin between the platelets before it began in the bulk resin. As the resin outside 
the clay stacks would therefore be less viscous, more of this resin would be able to flow 
into the intergallery spaces. Ultimately, the process would cause complete exfoliation of 
the platelets. They could not account for the difference seen with the second curing agent 
but assumed that the intercalated structure had resulted from the curing taking place both 
in the intergallery spaces and the bulk resin at the same time. 
 
The significance of the different morphologies was realised when the researchers found 
that the exfoliated nanocomposite produced coatings with marginal improvement in 
corrosion resistance over the neat epoxy, with no improvement apparent for the 
intercalated coatings. This is perhaps analogous to the improvements in gas barrier 
properties seen with exfoliated nanocomposites. Measurements of solvent uptake using 
acetone also showed that the both types of nanocomposite were also improved in this 
respect over unmodified epoxy. 
 
The differences in the structure of the nanocomposite observed with various curing agents 
follows the findings of other researchers. Studies published as early as 199565 have 
examined the mechanism of platelet exfoliation and nanocomposite formation. Since then, 
a number of researchers have published papers66-70 pertaining to the effect of cure 
conditions on epoxy/clay nanocomposites. 
 
Lan, et al.65 undertook an extensive investigation into the formation of nanocomposites 
using Shell Epon 828 DGEBA (MW 380) resin with a metaphenylenediamine (MPDA) 
curing agent. Nanocomposite materials were produced using layered silicate clays, 
namely hectorite, montmorillonite, fluorohectorite and vermiculite, with different 
alkylammonium ions.  
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The authors found that: 
 
• the basal spacings of the epoxy solvated clays were found to increase as the 
length of the alkylammonium ion increased. If the chain length was below 8 carbon 
atoms, the resulting material was intercalated; 
• clays with high charge densities require a greater number of alkylammonium ions 
to balance the layer charge. The higher density of onium ions thus reduces the 
space available for epoxy intercalation (shown in figure 2.14). Hectorite and 
montmorillonite were found to possess the appropriate charge density to produce 
exfoliated nanocomposites; 
 
 
 
Figure 2.14 Effect of Charge Density on Epoxy Intercalation65 
 
• cure conditions (especially temperature) were critical in defining the morphology of 
the nanocomposite. At the correct cure temperature, extragallery and intragallery 
polmerization rates were comparable and an exfoliated structure resulted. If the 
cure temperature was too low, intercalation of epoxy and mPDA was slow and 
extragallery polymerization produced an intercalated structure. This is presumably 
due to viscosity effects and reduced swelling of the platelets during polymerization. 
High cure temperatures also gave rise to intercalated structures, presumably 
because high cure rate favoured extragallery polymerization in the resin matrix.  
 
Kornmann, et al.67 also recognized the importance of balancing the intra- and extragallery 
polymerization. Their research focused on Epon 828 DGEBA resin, commercially ion 
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exchanged montmorillonite (Nanocor ODA-CWC) and three different curing agents, each 
with its associated cure conditions: 
 
1. Jeffamine D230 - aliphatic diamine: cured for 3 hours at 75o C, post-cured for 12 
hours at 110o C; 
2. 3,3’-dimethylmethylenedi(cyclohexylamine) (3DCM) – cycloaliphatic diamine: 
cured for 3 hours at various temperatures from 60 – 160o C, post-cured for 3 hours 
at 160o C; 
3. Amicure bisparaaminocyclohexylmethane (PACM) – cycloaliphatic diamine: cured 
for 3 hours at various temperatures from 60 – 160o C, post-cured for 3 hours at 
160o C. 
 
Incorporation of 5 wt.% organoclay into the resin was carried out at 75o C over a 24 hour 
period before addition of the curing agent. The authors found that higher cure 
temperatures were required to produce exfoliated structures from the two cycloaliphatic 
diamine curing agents, when compared to the aliphatic diamine. They attributed this to 
lower diffusion rates for the 3DCM and PACM. Finding that the polarity of all three curing 
agents was similar, they proposed that the higher diffusion rate of the D230 could be due 
to the more flexible molecular structure of this curing agent. The ability of the curing agent 
to diffuse into the intergallery spaces is important to ensure that the rate of intragallery 
curing remains consistent with the extragallery cure. Presumably, the improvement in 
exfoliation observed with increasing temperature for the cycloaliphatic diamines is due to 
a decrease in resin viscosity and an increase in swelling of the clay platelets with 
increasing temperature. 
 
Chin, et al.68 observed a shift towards extragallery polymerization as the concentration of 
curing agent, in this case DGEBA resin with a meta-phenylene diamine (MPDA) curing 
agent, was increased. This seems inevitable, as the intragallery cure is affected by the 
ability of the curing agent to diffuse into the intergallery spaces. High concentrations of 
curing agent will therefore effect a rapid cure of the matrix resin before diffusion of the 
curing agent into the gallery spaces has taken place.  
 
Park and Jana70 have hypothesized that the exfoliation occurs due to forces exerted on 
the clay platelets by the epoxy molecules as curing progresses. Their schematic 
illustration of this is reproduced in figure 2.15. 
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Figure 2.15 Forces Acting on Clay Platelets During Exfoliation70 
 
The authors also concur with Vaia31 in their belief that platelets at the centre of a stack will 
have a higher ionic bonding energy than those at the surface and so exfoliation of surface 
layers will be easier. From this, it can be seen that exfoliation of a clay particle will not 
occur instantaneously but will take place over a period of time, the limiting factor in this 
process being the degree of polymerization of the epoxy. Experiments conducted involved 
an aliphatic and an aromatic epoxy and three different curing agents. The researchers did 
not consider the influence of molecular flexibility on the ability of the curing agents to 
diffuse into the gallery spaces. However, Kornmann, et al.67, had already suggested that 
this might also have a bearing on the diffusivity of the curing agent. Nevertheless, they 
carried out rheological experiments on their samples and found that in order to produce an 
exfoliated structure, the ratio of shear modulus to complex viscosity had to be kept above 
2 – 4 s-1. Under these circumstances, the elastic forces produced by the epoxy molecules 
could overcome the viscous forces of the matrix epoxy.  
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It is interesting to compare the results of Park and Jana70 and Kornmann, et al.67: 
 
Curing Agent Cure Time (hours) Cure Temp (oC) Structure Reference
Jeffamine D230 3 75 Exfoliated 67 
Jeffamine D230 3 75 Intercalated 70 
Amicure PACM 3 75 Intercalated 67 
Amicure PACM 3 75 Intercalated 70 
 Epon 828 resin with 5 wt% organoclay mixtures were used in both cases 
Table 2.9 Nancomposite Structures Produced by Park and Jana70 and Kornmann, et 
al.67 
 
Although the majority of researchers investigating nanocomposite materials have sought 
improvements in the properties of a polymer at low clay loadings, Salahuddin, et al.71 have 
reported the production of epoxy/clay nanocomposites with 55, 60, 65 and 70 wt.% 
organically modified montmorillonite. The authors utilized the in situ polymerization 
technique but dispersed the commercially produced organoclay in acetone before mixing 
with a resin/curing agent/acetone mixture. The purpose of the acetone is not stated; 
presumably it is either to aid dispersion of the clay or swell the clay particles to facilitate 
intercalation. 
 
Although XRD patterns showed the presence of a peak attributable to the basal spacing of 
the clay, the authors contest that the absence of this peak is not necessarily a feature of a 
nanocomposite. SEM micrographs of the materials showed an ordered layering of the clay 
platelets and it could be that at the high loadings used, the platelet separation is small 
enough to yield this peak. 
 
Vickers hardness tests carried out on both the epoxy and the 60 wt.% clay nanocomposite 
gave hardness values of 10 – 13 and 10 – 29 kg/mm2 respectively. The authors do not 
comment on the reasons for the variation in the results. Another observation made by the 
researchers was that even with high clay contents, the transparency was comparable to 
that of the epoxy resin. However, they do not include any data which quantifies this. 
 
Another novel epoxy/clay nanocomposite, developed by researchers at Michigan State 
University, has been produced using ‘biobased’ epoxy resins72. These are derived from 
functionalized vegetable oils (FVOs), which are a renewable resource, hence the current 
interest in their adoption. 
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Two FVOs, epoxidized linseed oil (ELO) and octyl epoxide linseedate (OEL), were added 
to Epon 862, a diglycidyl ether of bisphenol-F (DGEBF) epoxy resin. The DGEBF resin 
was replaced by 20 – 100 wt.% FVO and mixed with 5 wt.% montmorillonite organoclay, 
following sonication of the clay in acetone. 
 
Acetone has been utilized by many researchers producing polymer/clay nanocomposites 
to aid processability. According to Brown, et al.73, the use of a low boiling-point solvent 
allows homogeneous mixing of components (resin, curing agent and clay) at low viscosity 
without the need to use high temperatures, at which reactions occur between reagents. In 
their investigations, the authors found that they could produce nanocomposites with 
relatively high silicate contents, while the cure reaction, morphology and properties of the 
nanocomposite were unaffected. 
 
Liu, et al.74 prepared samples by dispersing the organoclay platelets in acetone but then 
used a high pressure mixing system. This involved forcing the organoclay/acetone mixture 
into a small chamber repeatedly using an applied pressure of 103.4 MPa. The 
combination was then mixed with tetraglycidyl-4,4’-diaminodiphenylmethane (TGDDM) 
epoxy resin. For comparison, the same epoxy and clay were simply mixed at 110o C and 
stirred. The authors employed scanning electron microscopy (SEM) in their research. This 
showed higher levels of agglomeration of the organoclay platelets when using a simple 
mixing production method. 
 
2.3.2.3.2 Properties 
 
Differential scanning calorimetry (DSC) has been extensively utilized by researchers to 
assess epoxy/clay nanocomposites62-64,66-68,70,73,78. DSC can be used to follow cure 
reactions which, as discussed in Section 2.3.2.3.1, have been found to be a defining 
factor in the final structure of the nanocomposite. Kornmann, et al.67, studied the role of 
curing agents in the exfoliation of epoxy/clay nanocomposites using three different curing 
agents. They calculated degree of cure from their DSC scans and compared this with their 
XRD results. They observed a correlation between the reactivity of the curing agent 
(indicated by the rate of cure at a given temperature) and the exfoliation of the organoclay 
platelets. They concluded that the reactivity of the curing agent was important as it would 
influence the balance between extra- and intragallery cure and hence the final structure. 
Another technique, dynamic mechanical analysis (DMA) or dynamic mechanical thermal 
analysis (DMTA), has also been used to ascertain glass transition temperature (Tg), heat 
distortion temperature (HDT), elastic modulus and damping coefficient (tan δ)63,69,72-74,76,78. 
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Becker, et al.78 used the DMTA to ascertain that the Tg, α- and β-transitions of the polymer 
occur at lower temperature as clay content increases. α- and β-transitions are secondary 
transitions relating to the mobility of specific portions of the polymer such as side groups. 
From this they hypothesized that the presence of clay particles locally reduces the 
crosslink density in the epoxy. A correlation between increasing clay content and 
decreasing Tg has been observed by other researchers74. 
 
Mechanical properties have, inevitably, been comprehensively explored by researchers 
seeking to quantify the improvements available from epoxy/clay nanocomposites. 
Although earlier publications focus on the production of nanocomposites, the significance 
of mechanical properties has increased, as the chemistry associated with epoxy/clay 
nanocomposites has become better understood. An Izod impact strength of 0.91 J/m is 
quoted in the first patent pertaining to these materials61, although in this instance no 
comparative values are provided for neat epoxy. Impact strength has also been 
considered in other research72,76, as has hardness71, fracture toughness64,78, tensile65,75,79, 
compressive74 and flexural67,76,78 properties. As the materials produced in these papers 
employ different epoxy chemistry, comparisons between the results would be 
inappropriate.  
 
2.3.2.4 Other PLSN  Systems 
 
The preceding sections have sought to provide an overview of two extensively researched 
nanocomposite systems, nylon and epoxy. In addition, PET has been included as the 
applications for this material often involve its use as a thin film. In such packaging 
applications, its permeability is also important, hence there is a correlation between the 
function of these materials and those used in coating systems. 
 
Since the initial development of polymer layered silicate nanocomposites, considerable 
effort has been expended in developing the technologies appropriate for many different 
polymer systems. Although it is not within the scope of the present research to discuss 
them here, information regarding their development is widely available61,64,65,80,81. 
 
2.3.3 Layered Silicates in Thin Films, Coatings and Adhesives 
 
Layered silicate clays are already extensively used in the organic coating industry as 
rheology modifiers to impart non-Newtonian viscosity. In the case of waterborne coatings, 
the clays are used in their 'unmodified' hydrophilic form, while solvent based coatings 
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require an organically modified clay. The viscosity of the paint is reduced under shear, for 
example when stirred, but on removal of the shear the viscosity increases and a gel 
structure is formed. This has been attributed to attraction between the platelets and 
swelling of the clay particles6,17. The clay loading will be dependent on a number of 
variables, including application method, but formulations containing around 5 wt.% can be 
found in the literature82. 
 
However, as researchers have sought to develop nanocomposites to improve the 
properties of bulk materials, so nanoclays have also been found to improve the properties 
of thin films and coatings. Two examples have already been included. In Section 2.4.2.2, 
the gas barrier properties of PET films containing montmorillonite were discussed60 and in 
Section 2.3.2.3.1 the epoxy/clay coatings produced by Chen, et al.64 were reviewed. As 
epoxies are extensively used in both coatings and adhesives, it is appropriate to consider 
further examples in this section. 
 
Hang, et al.83 dispersed organically modified montmorillonite in an epoxy matrix for 
application as a corrosion resistant coating on carbon steel. The clay was modified by 
dispersing it in an aqueous solution containing aminotrimethylphosphonic acid (ATMP). 
Their rationale for using ATMP was that it contains an alkyl ammonium cation and that it 
has previously been found to be a good corrosion inhibitor in sodium chloride solutions. 
The modified montmorillonite clays were added to Ciba Epikote 828 resin at 2, 3.5 and 5 
wt.% loadings and the 30 μm thick coatings were applied to carbon steel panels by 
spraying. However, the authors only include data for the samples containing 2% clay, 
claiming that at this loading, ‘…the best corrosion protection was obtained.’ Unfortunately, 
they do not state whether the higher organoclay loadings had no effect on corrosion 
resistance, or whether they reduced the corrosion resistance when compared to the 
unmodified epoxy. Corrosion tests were performed using EIS, a technique which will be 
reviewed in Section 2.5; further discussion of the results is therefore not appropriate here. 
Suffice to say that the researchers claim that epoxy with ATMP modified clay provides the 
best corrosion protection, followed by epoxy containing montmorillonite, with the 
unmodified epoxy coating giving the lowest degree of corrosion protection.  
 
In addition to studying the corrosion protection, the authors also include X-ray diffraction 
data for the clay, the modified clay and the coatings containing modified clay. 
Incorporation of the ATMP into the interlayer spaces increased the platelet spacing from 
1.26 to 1.58 nm, as indicated by a shift in the XRD peak to the left. Their spectra for the 
coating containing ATMP modified clay shows no peak, suggesting that the platelets have 
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been successfully exfoliated. However, the authors performed their XRD spectra from 3 – 
15o and so any peak below 3o will not be recorded. The authors argue that a 2θ value of 
3o corresponds to a spacing of 2.93 nm which indicates a ‘significant’ degree of 
intercalation, but it does mean that no conclusion as to the platelet orientation can be 
reached. It is also conceivable that no peak is visible because the researchers have 
chosen a loading of 2% and that peaks would be apparent if XRD was performed on 
samples with a greater clay content.  
 
The authors also analyzed a cross-section of a coating containing the ATMP modified clay 
using SEM and EDX. They claim that the energy dispersive X-ray analysis (EDX) near the 
coating/steel interface shows a greater quantity of aluminium, silicon and magnesium 
which they attribute to the clay. They deduced from this that the phosphonic groups in the 
ATMP cause the clay to migrate to the interface before the coating cures and thus 
concluded that the observed improvement in corrosion resistance was due to a 
combination of increased barrier effect and also corrosion inhibition. The presence of the 
clay at the coating/steel interface might be considered to have a deleterious effect on the 
adhesion of the organic coating; from their corrosion tests of scratched samples they 
claim that this is not the case. However, they have not reported any specific adhesion 
testing of the coatings. 
 
In Section 2.3.2.3.2, the use of various different epoxy chemistries by nanocomposite 
researchers was mentioned. Yeh, et al.84 produced nanocomposite coatings using a 
siloxane modified epoxy to engineer a more hydrophobic surface on cold rolled steel and 
hence improve corrosion resistance. The researchers hoped that this, in combination with 
nanoclay additions would produce a coating which would offer a viable alternative to 
chromates. Unfortunately, the authors do not state whether their aim is to replace 
chromates as a form of conversion coating or as a corrosion inhibiting pigment. 
 
Montmorillonite clay was modified in an aqueous solution containing 
tetradecyltrimethylammonium chloride. This was then added to the siloxane modified 
epoxy at 1,3 and 5 wt.%, before being formed into freestanding films of 0.25 mm or 
coatings of 30 μm or cold rolled steel coupons. The process is shown in figure 2.16. 
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Figure 2.16 Synthesis of Siloxane Modified Epoxy Resin/Clay Nanocomposite84 
 
The researchers subjected the nanocomposites to a wide range of mechanical and 
corrosion tests. They also performed FTIR and XRD tests to characterize the materials. 
The authors claim the XRD spectra show that ‘…a significant degree of intercalation 
dispersion has occurred in the epoxy matrix.’ However, their results, given in table 2.10 
actually show that the degree of intercalation decreases at higher clay loading. 
 
Sample Peak 2θ Value (o) d Spacing (Å) 
Organoclay 4.55 19.4 
Epoxy + 1% organoclay 2.80 31.52 
Epoxy + 3% organoclay 2.60 33.95 
Epoxy + 5% organoclay 2.90 30.44 
Epoxy + 7% organoclay 4.20 21.12 
Table 2.10 XRD Data From Siloxane Modified Epoxy Nanocomposites84 
 
It can be seen that at 7 wt.%, the increase in platelet spacing is relatively small. In the 
graphical representation of the spectra given in the text, the difference in the position of 
the two peaks is even less apparent than is suggested by the numerical values.  
 
The researchers found that gas permeability and water uptake were reduced by addition 
of the organoclay, while the glass transition temperature showed a corresponding 
increase. As with Hang, et al.83, their corrosion data will be considered in more detail in 
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Section 2.5, although it is worth noting here that Yeh, et al.84 found that 5 wt.% clay gave 
a greater increase in corrosion protection than 1 wt.% (7 wt.% does not seem to have 
been tested). Hang, et al. found in their work that 2 wt.% gave the largest increase in 
corrosion resistance. 
 
A topical development pertaining to organic coatings is the use of UV radiation to cure the 
resin. Several advantages are offered by this technique, including rapid curing and good 
control of polymerization rate, low energy consumption, good chemical resistance as a 
result of high crosslink densities and more environmentally acceptable solvent-free 
formulations. Researchers have successfully brought together two emerging technologies 
in producing UV cured nanocomposite coatings. 
 
The addition of organically modified montmorillonite to UV curable urethane acrylate 
polymer films has been researched by Uhl, et al., the findings being disseminated in two 
papers85,86. In the first instance85, a commercially available organoclay (Nanocor Nanomer 
I.31PS) was combined with a 50:50 mixture of CN929 trifunctional urethane acrylate 
oligomer and SR454 ethoxylated (3) trimethylolpropane. 1, 3 and 5 wt.% clay was added 
and mixed for 24 hours before sonication for 8 hours. 4 wt.% Darocur 1173 photoinitiator 
was then added. UV curing was carried out with light source which produced UV-A at 365 
nm and an intensity of 35 mW/cm2.The polymer-clay films were cast on to glass, 
aluminium and polysulfone panels. In their second paper86, the authors prepared their own 
organically modified clays. Two different ammonium salts were used: 
cetyltrimethylammonium bromide (CTMA) and [(2-acryloyloxy)ethyl](4-
benzoylbenzyl)dimethylammonium bromide (AEBBDMA). The organoclay was then 
synthesized by mixing the montmorillonite with an excess of the ammonium salt in distilled 
water. The production of the nanocomposites proceeded as outlined above.  
 
A significant emphasis was placed by the researchers on the effect of organoclay 
additions to the cure kinetics of the polymer films, using real time infrared spectroscopy 
(RTIR) and photodifferential scanning calorimetry (photo-DSC). Both techniques operate 
on similar principles to FTIR and DSC, but the sample is exposed to UV radiation to effect 
the cure. Table 2.11 shows a summary of the RTIR results obtained with the commercial 
Nanocor montmorillonite. 
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Sample % Conversion Rate of polymerization (mol/L.s) 
At 10 s At 60 s
No I.31PS 72 89 0.30 
1% I.31PS 73 90 0.39 
3% I.31PS 77 93 0.43 
5% I.31PS 74 89 0.32 
Table 2.11 RTIR of Modified Urethane Acrylate Films During Cure85 
 
The authors concluded that incorporation of the organoclay reduces cure time. However, 
the figures given in table 2.11 suggest that while this is clearly the case with 1 or 3% 
I.31PS, a loading of 5% I.31PS does not offer a significant improvement in cure rate. 
Whether 5% I.31PS does offer an improvement at all is dependent on which parameter is 
studied, percentage conversion after 60 s and rate of polymerization offering different 
answers. Extending the research to study higher organoclay contents might also have 
provided a further insight into the effect of the montmorillonite on cure time. Despite this 
lack of further data, the authors suggest that the clay platelets restrict the mobility of the 
polymer chains, thus reducing the translational and rotational movements of the chain and 
hence increasing polymerization rate. The researchers also suggested that this restriction 
of polymer motion might account for the increase in Tg they observed in their DSC 
experiment. This is contrary to the findings of researchers studying epoxy/clay 
nanocomposites, who found that adding organoclay lowered the Tg75,78.   
 
It can be seen, when comparing the two papers by Uhl, et al., that a discrepancy is 
apparent. The materials used are the same and are mixed in identical ratios; indeed the 
experimental sections of the two papers are very similar. However, the rate of 
polymerization for the unmodified polymer is given as 0.30 in one instance and 1.39 in the 
other. The reason for the variation, despite quoting the same equation in both papers, is 
not explained. 
 
Other researchers have also studied the cure kinetics of UV cured epoxy nanocomposite 
coatings. Malucelli, et al.87 further modified commercial organoclays with liquid 
polybutadiene (LPB). This further expanded the interlayer spacing from 1.84 nm to, in 
some cases, 7.98 nm, as determined by XRD. The modified clay was then incorporated 
into an epoxy resin. RTIR data suggested that while the LPB modified clay did not affect 
the initial rate of polymerization, the ‘standard’ ammonium ion modified organoclay 
reduced it. After 120 s, the % conversion was also lower if the standard organoclay was 
used, whereas the LPB organoclay actually increased the percentage conversion. 
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Researchers at the Université de Haute-Alsace in France have also examined UV-curing 
of nanocomposites88-91. Using up to 5 wt.% organically modified montmorillonite, the 
researchers have produced nanocomposites with epoxy, vinyl ether and acrylate-based 
resins. The clays were stirred into the resins before sonication for 5 – 7 hours. Processing 
was carried out in the dark in order to avoid premature curing. In the case of the 
polyurethane acrylate specimens, a reactive diluent was also incorporated to reduce the 
viscosity. 
 
A reduction in Tg compared with the unmodified polymer is claimed for the 
nanocomposite90 but the figures given suggest that the difference is minimal. However, 
Decker88, concludes that the materials provide: 
 
• lower gas permeability; 
• excellent chemical resistance due to a high crosslink density; 
• greater thermal resistance; 
• higher flame retardancy; 
• improved stiffness and strength. 
 
In addition, the researchers suggest that even at small additions, organoclay could 
effectuate a reduction in gloss and hence could be utilized as a matting agent. 
 
In seeking to develop coatings with greater corrosion resistance, electroactive polymers 
(EAPs), also termed ‘synthetic metals’, have been extensively investigated. These include 
polyaniline (PANI), polyacetylene (PA) and poly(pyrrole) (Ppy), among others. Yeh, et al.92 
have investigated further enhancement of the corrosion performance of PANI coatings 
with the addition of layered silicates at ‘low loadings’. The details of their experimental 
procedure only include what the authors refer to as a ‘typical procedure’ for producing the 
nanocomposites but a clay content of 0.75 wt.% is given in the abstract. 
Thermogravimetric analysis (TGA) of the materials gave an inorganic content of between 
0.70 and 7.10 wt.%. 
 
Corrosion protection properties were studied by applying 20 μm films of the 
nanocomposite to cold rolled steel. Electrochemical measurements were made in a 5 
wt.% NaCl electrolyte. The authors state that polarization resistance (RP) was measured 
by sweeping 40 mV across the corrosion potential (Ecorr) at 500 mV/min. This seems to be 
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a very high sweep rate and should perhaps read 5mV/min. Their results are summarized 
in table 2.12. 
 
Feed Composition (wt%) Inorganic 
Content From 
TGA (wt%) 
Ecorr (mV vs. 
SCE) 
RP (kΩ/cm2) 
Polyaniline Clay 
0 0* 0 -641 0.8 
100 0 0 -590 3.4 
99.75 0.25 0.70 -581 13.7 
99.50 0.50 1.50 -568 15.4 
99.25 0.75 3.80 -555 20.0 
99.00 1.00 4.70 -551 36.2 
97.00 3.00 7.10 -543 57.9 
 *Uncoated control sample  
Table 2.12 Polyaniline Nanocomposite Film Properties92 
 
The table shows that as the clay content increased the polarization resistance increased 
and also that the corrosion potential became less negative. This indicates that the surface 
is less active. The change in both parameters indicates an improvement in corrosion 
protection with increasing clay content. It is not, however, clear whether or not the authors 
assessed the reproducibility of these results. A corresponding decrease in air, oxygen and 
nitrogen absorption was measured, to ASTM E96, as the organoclay content increased. 
 
Osman, et al.93 have examined the addition of organically modified montmorillonite into 
polyurethane (PU) adhesives. According to the authors, one application for PU adhesives 
is the production of laminates for food packaging. At present, the PU adhesives used do 
not add to the gas barrier properties of the laminate. Their objective was to improve the 
barrier properties of the polyurethane, which they studied by measuring the permeation of 
oxygen and water vapour into films with 10 μm dry film thickness. 
 
The PU nanocomposites were prepared using commercially available organoclays from 
Sud-Chemie. These were Nanofil 804, Nanofil 32 and Nanofil 15 which are modified with 
bis(2-hydroxyethyl) hydrogenated tallow ammonium, alkylbenzyldimethylammonium and 
dimethyl dehydrogenated tallow ammonium ions respectively. The films produced were 
examined and found to exhibit a combination of exfoliated and intercalated morphologies. 
Oxygen transmission was reduced, compared to the unmodified PU, by the addition of 
Nanofil 804 and Nanofil 32 but the researchers observed an increase in the case of the 
Nanofil 15. They suggested that this might arise from phase separation occurring as a 
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result of differences in polarity between the onium ions and the PU. In turn this would 
create lower density areas around the clay platelets and hence permeation would 
increase. 
 
Water vapour transmission was also found to be reduced by the organoclay. However, in 
this case all three PU/clay nanocomposites offered improvements over the unmodified 
polymer. The authors surmised that the difference between oxygen and water vapour 
transmission rates was due to the difference in the sizes of the molecules and different 
interactions with the polymer. They state that the water molecules will cluster into groups 
as they penetrate the polymer and these groups might be too large to take advantage of 
the spaces existing at the interface between the clay platelet and the matrix. 
 
Mooring, et al.94 examined the effect of the method of dispersion on the intercalation and 
exfoliation of nanoclay platelets using different dispersion techniques found in the coatings 
industry. Organically modified montmorillonite clays were added to Epikote 834x80 resin 
at 3, 5, 7 and 10 wt.% and stirred with a mixing blade for 2.5 h. Additionally organoclay at 
5 wt.% loading was dispersed in samples of the same resin by ultrasonic agitation for 5, 
10, 15, 20 and 25 minutes. For the samples produced by mixing, the authors claim a shift 
in the XRD peak from 4.49o for the organoclay to around 2.35o for the nanocomposites, 
however, the spectra show a second peak at around the same point as the peak for the 
clay. This could simply be the second order Bragg peak but as it happens to coincide with 
the peak for the clay, it is unfortunate that the authors have not commented on its 
presence. 
 
The authors have also produced TEM images of the samples containing 5 wt.% 
organoclay, stirred for 2.5 h. These show stacks of clay platelets, with the space between 
the platelets discernible in the images. The authors have presumably chosen to 
investigate the 5 wt.% loading as this did not give an XRD peak, although a peak was 
observed at 3 wt.%. However, the TEM images appear to show nanocomposites with an 
intercalated structure which should yield an XRD peak, yet the authors have not 
attempted to reconcile this discrepancy. It is also regrettable that the authors have only 
included TEM images acquired at very high magnification, for while this allows the 
platelets to be distinguished, the overall dispersion of the clay particles cannot be 
ascertained and this is probably as important as the exfoliation of the platelets. 
 
For the samples in which the clay was dispersed by ultrasonic agitation, the XRD data 
shows peaks visible at around 2.5o for the samples ultrasonicated for 5, 10 and 20 
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minutes. No peak can be seen for the 15 or 25 minute samples. However, for all these 
samples, the second peak which is visible at around 4.5o for the stirred samples is not 
apparent. It again seems unfortunate that the researchers have not investigated this 
further. 
 
The authors also report their initial findings on polyester-clay nanocomposites, having 
again investigated the effectiveness of different dispersion techniques. These are: 
 
• ultrasonic agitation; 
• overhead stirrer with mixing blade; 
• triple roll mill; 
•  bead shaker; 
•  bead mill. 
 
Although no specific data is given, it is claimed that ultrasonication and bead milling are 
the most successful means of producing nanocomposite structures, while triple roll milling 
is the least effective. 
 
Researchers have also investigated the method of organically modifying the clay and its 
effect on coating properties95. The bentonite clay was organically modified in an aqueous 
solution containing hexadecyltrimethylammonium chloride and either ultrasonicated at 
room temperature for 5 minutes or stirred for 3 h at 80o C. From infrared spectra obtained 
from both clays, the authors concluded that there was little difference in the resulting 
organoclays. The use of ultrasonic agitation was therefore claimed to produce a similar 
result but at lower temperature and with a shorter process time. 
 
2.3.4 Nanoparticles 
 
Ceramic, metal oxide and metallic nanoparticles have also been added to a variety of 
polymers to produce nanocomposites analogous to those incorporating nanoclays. 
Although dispersion is still important, the need to exfoliate platelets is no longer a 
consideration. Four areas of improvement have been identified for organic coating 
applications: 
 
• improved scratch, wear or chip resistance; 
• UV stabilizing of the polymer; 
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• photocatalytic or hygienic coatings; 
• increased corrosion resistance. 
 
In addition, other novel nanocomposite contributions include the addition of nano carbon 
powder to polyurethanes to engender electrical conductivity96 and nano sized dielectric 
particles97 which could allow colour change 'on-demand'98. 
 
For coating manufacturers, organic and inorganic pigment particles are necessary 
constituents of paints. The range of functions which pigments are required to perform was 
listed in Section 2.1. The development of many of the commonly used pigment materials, 
such as titanium dioxide, into nano sized powders and hence ‘nanoparticles’ has 
generated considerable research interest in this field. 
  
2.3.4.1 Photcatalytic and Hygienic Coatings 
 
These include coatings that are self-cleaning, hygienic or are able to break down 
pollutants in the atmosphere. Photocatalytic nanoparticles, usually the anatase form of 
titanium dioxide (TiO2), oxidize surface contaminants, including pollutants, in the presence 
of oxygen and moisture using light as an energy source. The reaction produces hydroxy 
and peroxy radical oxidants which decompose organic compounds to carbon dioxide and 
water99. An example of such a coating was the subject of an article in New Scientist 
magazine100. The coating is formulated with a porous polysiloxane binder with titanium 
dioxide and calcium carbonate spherical nanoparticles, 30 nm in diameter. When nitrogen 
oxides diffuse into the coating, they are adsorbed on to the titanium dioxide particles 
where, by a photocatalytic process, they are transformed to nitric acid. This is then 
neutralised by the calcium carbonate. The process is illustrated in figure 2.17. 
 
It is claimed that in a ‘typical’ 0.3 mm thick coating, there will be sufficient calcium 
carbonate to last for five years in an urban environment. Even when the calcium 
carbonate has been depleted, the titanium dioxide will still break down the nitrogen oxides 
to nitric acid, which will cause staining of the coating and give a visual indicator that it 
needs to be reapplied. 
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.  
Figure 2.17 Photocatalytic Breakdown of Nitrogen Oxide by Nano Titanium 
Dioxide100 
 
The coating described in New Scientist100 was developed as part of a European funded 
scheme titled Photocatalytic Innovative Coverings Applications for Depollution 
Assessment (PICADA). The use of nano sized titanium particles as a photocatalyst and 
also as a UV blocker have been reported by Burniston, et al.101 from Millenium Chemicals, 
a company involved in the PICADA project. The authors have found that the conversion of 
nitrogen oxides is a function of the surface area of the titanium dioxide and its 
concentration in the coating. In both instances, an increase brought about a 
corresponding improvement in performance. The authors describe a test in which an 
acrylic melamine anti-graffiti coating was over-coated with a red alkyd-based paint to 
represent graffiti. It is stated that, after accelerated weathering (no further details are 
given), the acrylic melamine coating with 20% nano titanium dioxide was 'almost totally 
self-cleaned'. Their research suggested that weight loss during weathering increased as 
nanoparticle content increased. They speculated that this might be due to photocatalytic 
oxidation of the polymer binder itself and subsequent renewal of the surface. If this is the 
case, the nanoparticle content will have a significant bearing on the life expectancy of the 
coating. 
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In a short review of photocatalytic coatings, Gummer102 outlines the case for hygienic 
coatings to replace biocides which are currently utilized. Problems which could be 
addressed by such coatings are suggested as follows: 
 
• germs (especially MRSA); 
• car exhaust fumes; 
• cigarette smells and smoke; 
• the slippery black mildew on paving; 
• new building smells and toxic gases; 
• polluted water in ponds and lakes; 
• paint smells outside factories. 
 
Two companies are already marketing products incorporating photocatalyst technology. 
PhotocatWorks101 offer a range of products under the name LightClean including a coating 
which, it is claimed, can be applied to many interior surfaces including fabrics. The 
manufacturers claim that the coating can kill air or water-borne microorganisms, whose 
cell walls are made from organic compounds. Pilkington have also applied photocatalyst 
coatings to their Activ self-cleaning glass103. The company claims that the photocatalytic 
action causes organic dirt on the glass surface to be broken down and water then washes 
the dirt away. The latter process is also aided by the titanium dioxide which renders the 
glass hydrophilic, resulting in better wetting of the surface.  
 
2.3.4.2 UV Stabilizing 
 
Nano TiO2 particles are already being incorporated in cosmetic products such as sun 
creams to act as UV blockers. While the addition of the anatase form of titania can lead to 
photo oxidation of polymer binders in coating systems, as discussed in Section 2.3.4.1, 
the rutile form is less photoactive and both can be modified further by surface treatment 
with inorganic oxides. The modified titanium dioxide is then able to reduce UVA and UVB 
damage by scattering and absorption respectively. Organic UV blockers which have been 
widely employed in coatings have several disadvantages when compared to nano titania, 
including their potential toxicity and their finite protection period100. 
 
According to Allen, et al.104, surface treatments can be used to successfully block the 
localised sites on the surface of the titanium dioxide at which photoactivity occurs. In 
addition, the treatment may improve the wettability of the particles in the polymer. The 
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authors report on their extensive research with anatase and rutile titanium dioxide both 
with and without surface modification. Particle sizes range from 5 nm to 92 nm, while 
comparative results using pigmentary grade titania are included (particle sizes 250 nm to 
290 nm). The smallest anatase nanoparticles have a surface area of 329.1 m2/g, while the 
largest anatase pigmentary particles have a specific surface area of 12.5 m2/g. The 
surface treatments used included coatings of alumina, alumina and silica and 
combinations of alumina, silica, zirconia and phosphates of other metals. 
 
It is difficult to draw conclusions from the results produced by the authors, as in many 
cases, only certain particles have been included. For example, mass loss and colour 
change of PVC based alkyd coatings are reported but while four different anatase nano 
titania particles are examined, only one rutile nanoparticle is included. However, the 
researchers conclude that rutile nano titanium dioxide particles are effective UV 
stabilizers, while the anatase particles act as photosensitizers. The researchers also 
propose that a combination of anatase and rutile nanoparticles, that is photocatalysts and 
UV stabilizers, might provide a good compromise for self-cleaning coating applications. 
Thus the self-cleaning function would be combined with an acceptable lifetime for the 
coating. 
 
In addition to titanium dioxide, iron oxide105, zinc oxide106,107 and silica108 nanoparticles 
have been investigated to minimize UV degradation. The latter were the subject of 
research by Zhou, et al.108. In this study, nano silica particles were incorporated into 
acrylic-based polyurethane by stirring into the acrylic resin at 60o C for 1 hour. From UV 
absorbance and transmittance spectra, the authors concluded that the nano silica would 
improve the UV resistance of the coating, while fumed silica and micro silica offered no 
improvement. 
 
2.3.4.3 Scratch, Wear and Chip Resistance 
 
Improvements in scratch and wear resistance are the most frequent claims for 
nanocomposite coatings which typically contain nanoparticles such as silica or alumina. 
The merits of each have been widely expounded109, while automotive manufacturer 
DaimlerChrysler have already introduced nanoparticle-containing lacquer topcoats on 
certain vehicles110. These topcoats are claimed to enhance sheen and offer ‘significantly 
improved scratch resistance’. One benefit of silica is that its refractive index is close to 
that of many resin-based coatings and hence its impact on transparency is minimal. 
However, the level of additions needed to bring about significant improvements in scratch 
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resistance adversely affect the viscosity of the resin. Although alumina can provide 
improvements at lower loadings, its higher refractive index can increase haze unless the 
particle size is sufficiently small, below around 100 nm.  
 
Zhang and Rong111 compiled an extensive review of nanocomposites for wear-resistant 
applications and concluded that: 
 
• the mechanical behaviour of the bulk materials can be emulated while the 
abrasiveness of the hard microparticles decreases remarkably owing to a 
reduction in their angularity; 
• the transferred film can be strengthened as the nanoparticles would have the 
capability of interacting well with wear debris; 
• the material removal of nanocomposites would be much milder than that of 
conventional composites because the fillers have similar size to the segments of 
the surrounding polymer chains. 
 
Despite the potential to reduce the wear rate of a polymer, the authors state that, in many 
instances, the addition of nanoparticles has little effect on the friction coefficient of a 
polymer and in some cases even results in an increase in friction coefficient. 
 
Bauer, et al.112 examined the abrasion resistance of 50 μm thick UV cured acrylate 
coatings containing nano silica which had undergone a trialkoxysilane surface pre-
treatment. They concluded that the optimum scratch resistance could be obtained with 30 
- 35 wt.% silica. It is suggested that higher concentrations will cause a deterioration of the 
viscoelastic properties of the coating. Atomic force microscopy (AFM) of the coatings 
showed that the 40 nm silica particles formed agglomerates of around 120 nm. 
 
In addition to their examination of the UV resistance of their PU coating system, Zhou, et 
al.108 also measured the scratch resistance, hardness and abrasion resistance of the 
coatings. Micro hardness and scratch resistance were measured using a nano-indenter. A 
load of between 0.2 mN and 50 mN was applied and the micro-hardness was calculated 
by dividing the normal force used to produce an indentation by the projected area of the 
indent. Scratch resistance was determined by dividing the normal force required to 
produce a scratch by the cross section of the trough produced. From graphs showing the 
variation in micro hardness with silica content, the authors argue that increasing the nano 
silica loading improves hardness. While this appears to be the general trend up to an 
applied load of 10 mN, there is a large variation in the data, which the authors attribute to 
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the small size of the measured area, surface roughness and inhomogeneity of the coating. 
The results also suggest that above 10 mN load, the hardness for all samples drops, with 
the highest silica content sample showing the greatest decrease. Abrasion resistance, 
measured to Chinese standard GB1768-79, is shown to increase with increasing nano 
silica content. With 1% nano silica, the measured weight loss after 1000 wear cycles is 
only fractionally lower than the unmodified coating. 5 and 10% loadings result in weight 
losses which are around 15 mg lower after 1000 cycles. However, comparing the graphs 
of coatings modified with nano and micro silica it appears that the improvement in 
abrasion resistance is no greater for the nano silica than for the micro silica. 
 
Improved wear resistance is also claimed for coatings produced by Chang, et al.113 
containing silica. The researchers added silica particles to epoxy matrices which also 
contained graphite flakes, polytetrafluoroethylene (PTFE) particles and short carbon 
fibres. They concluded that the addition of silica particles further improved the wear 
resistance of their composites but while the authors claim to have used nano silica, the 
300 nm particles would not be considered by some researchers as being 'nano', as 
discussed in Section 2.3.  
 
Epoxy-silica nanocomposites for micro-electro-mechanical systems (MEMS) were 
investigated by Jinguet, et al.114. Good wear resistance and low friction coefficient are 
fundamental in this application and the authors believed that the high relative surface area 
of nanoparticles would give good bonding with the matrix and also lower particle 
angularity due to smaller particle size. The researchers used a commercial colloidal silica 
dispersed in organic solvent and a UV curing epoxy resin. Tests were also performed on 
samples which had been heat treated at 150o C for 2 h. The significance of this is not 
mentioned but presumably relates to application requirements. The results of their 
mechanical tests of the nanocomposite are reproduced in table 2.13. 
 
The authors do not state whether these results concur with their expectations. It can be 
seen that before heat treatment and with 2.5wt.% silica the Young’s modulus is higher 
than the unmodified epoxy but at 5 wt% it is lower. After heat treatment, the Young’s 
modulus of the epoxy is higher than that of either of the nanocomposites. This trend is 
also repeated for the fracture stress. 
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Silica 
Content 
(wt.% 
Heat 
Treatment 
Youngs 
Modulus 
(MPa) 
Fracture 
Stress (MPa) 
Fracture 
Strain (%) 
0 Before 448  ± 35 7.8 ± 2.6 1.6 ± 0.2 
After 900 ± 40 24.3 ± 0.5 3.2 ± 0.1 
2.5 Before 528 ± 50 13.0 ± 1.8 2.5 ± 0.2 
After 700 ± 30 18.8 ± 0.3 2.9 ± 0.1 
5 Before 300 ± 10 2.6 ± 1.1 1.6 ± 0.2 
After 750 ± 50 10.6 ± 0.4 1.5 ± 0.1 
Table 2.13 Mechanical Properties of Epoxy-Silica Nanocomposites114 
 
Wear resistance and friction coefficient were investigated using reciprocating wear test 
apparatus at a constant load of 2 N and a sliding velocity of 33.6 mm.s-1. Both carbon 
steel and polyoxymethylene (POM) balls were used to generate the wear test data. The 
researchers found that the values for the friction coefficient were dependent on the wear 
material, carbon steel giving higher friction coefficients than POM. It was concluded that 
an optimal particle concentration is needed to produce an improvement in wear 
resistance, although the authors do not say what this concentration is or how they have 
deduced this from their data. They also found that the heat treatment reduced the wear 
rate of both the unmodified epoxy and the nanocomposites. No correlation could be found 
between the mechanical test data and the tribological data. 
 
Shi, et al.115 have examined the effect of various particle pretreatments on the tribological 
properties of epoxy nanocomposites containing alumina nanoparticles. Wear tests 
conducted by the pin-on-ring method showed that a significant improvement in wear 
resistance could be effected simply by adding 0.24 vol.% untreated nano alumina to the 
epoxy. Pretreatment of the nanoparticles resulted in further, although much less 
significant, improvements. However, when 0.72 vol.% nano alumina was investigated, the 
researchers found that while the wear rate for the treated nano alumina remained low, that 
of the untreated particles increased. They hypothesized that this might be due to the nano 
alumina particles forming agglomerates which could not be effectively contained by the 
polymer matrix. The treated nanoparticles were also found to produce composites with 
lower frictional coefficients.  
 
Flexural modulus was improved by the alumina nanoparticles, with the greatest 
improvement observed with untreated particles. The authors claim that this is the opposite 
of microparticle additives which cause a reduction in strength. Impact strength also 
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improved with increasing particle content but at loadings less than around 1%, the 
improvement was more significant with treated alumina. 
 
Titanium dioxide, which has already been discussed in connection with photocatalytic and 
UV resistant nanocomposites, has also been proposed as an additive to improve 
mechanical properties116. The researchers stirred nano titania particles into an epoxy resin 
at 60o C before dispersing them by sonication. It is claimed that 10 wt% nano TiO2 
improved modulus, strain-to-failure and scratch resistance of the epoxy. They propose 
that the nanoparticles produce a tougher composite material than equivalent 
microparticles. No mention is made regarding the UV degradation, which presumably 
would be adversely affected by the addition of nano titanium dioxide, as previously 
discussed. 
 
Although the research reviewed in the preceding paragraphs demonstrates that the 
addition of nanoparticles to a polymer can improve the materials scratch or wear 
resistance, Taylor and Sieradzki98 add a cautionary note. They suggest that the tensile 
strength of a nanocomposite could be reduced if a particle is not sufficiently wetted by the 
matrix polymer. If this situation arises, the particle will then exist as a defect and a 
potential failure point. It is because of this that researchers have sought to modify the 
surface of the nanoparticles before incorporation.  
 
2.3.4.4 Corrosion Resistance 
 
Much of the research carried out with nanoparticles has focused on achieving either 
photocatalytic, mechanical or tribological benefits. However, some researchers have 
sought to improve corrosion resistance by adding nanoparticles to organic coatings; even 
where corrosion resistance is not the main focus of the work, it is often an important 
parameter and so should not be overlooked. 
 
Zhang, et al.117 added 70 – 130 nm diameter titanium powder to epoxy coatings at 5, 10 
and 20 wt.% loadings. Their justification for using titanium was the beneficial effect of the 
difference between its corrosion potential and that of steel, which they used as the 
substrate. This concept is similar to that of putting zinc into organic coatings, a practice 
that is well established. It is questionable as to whether the effect can be reproduced with 
titanium, which develops a tenacious oxide layer, in a similar manner to aluminium. This 
will bring the corrosion potential closer to that of the steel and any sacrificial benefit will be 
lost. The authors refer to using a ‘mixture of surfactants’ to ensure good dispersion of the 
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particles but unfortunately do not provide further details of what the mixture contained and 
the authors do not appear to have examined the particle dispersion in the cured coatings. 
 
Corrosion resistance was determined by EIS, weight gain (due to water uptake) and salt 
spray corrosion testing. The EIS data will be reviewed in more detail in Section 2.5 but, in 
summary, the authors found that additions of 10% nano titanium gave the greatest 
improvement in corrosion resistance. The results of their salt spray corrosion tests, carried 
out to ASTM B117 are not very clearly presented so it is difficult do draw any conclusions 
from these. They assessed the appearance of the samples after 2000 h exposure and 
simply stated whether the coating had “bubbled” and whether or not there was any rust 
visible. With no titanium and 20% titanium, rust was apparent, while with 5 and 10% it was 
not. However, the authors do not comment on the difference, if any, between the latter two 
samples. 
 
The initial rate of weight gain during immersion appears to be similar for all the coatings. 
With no titanium, the weight gain remained stable at around 0.012 g, for a 35 μm thick 
coating, after approximately 100 h immersion. However, at this point the weight gain 
begins to drop for all the coatings containing titanium. After 550 h, the overall weight gain 
for these samples is consistent at around 0.008 g. The authors do no attempt to explain 
this drop in weight after the initial increase but it could be due to the loss of low molecular 
weight material from the polymer, leaching of titanium corrosion products from the organic 
coating, or even loss of the titanium itself, depending on how well it was bound into the 
matrix. 
 
Zhang, et al.118 modified carbon black nanoparticles by grafting polyvinyl alcohol (PVA) 
onto the surface to render them hydrophobic before dispersing them in an organic 
lacquer, whose composition is not stated. 30 μm thick coatings were applied to cold rolled 
steel panels and TEM was used to determine the degree of particle dispersion. TEM 
images showing coatings containing 1 and 1.2 wt.% nanoparticles suggest that increasing 
the particle content above 1% greatly increases the agglomeration of the particles, as 
shown in figure 2.18. As the researchers did not produce any samples with particle 
loadings higher than 1.3 wt.% it is not possible to determine whether the extent of 
agglomeration increases further as the amount of carbon is increased. 
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Figure 2.18 TEM Images of Nanocomposite Coatings Containing (a) 1 wt.% and (b) 
1.2 wt.% Nano Carbon Black118 
 
As with Zhang, et al.117, the authors immersed the panels in an aqueous solution of 3.5 
wt.% NaCl and measured the water uptake over time. During initial exposure, the addition 
of nano carbon black reduced coating weight gain for all samples except that containing 
1.3 wt.% nanoparticles. After 8 days, however, all the nanocomposite coatings exhibited 
lower weight gains than the unmodified lacquer. The water uptake for samples containing 
1 and 1.2 wt.% nanoparticles was lower than the other nanocomposite coatings and 
appears from the data to proceed differently from all other samples. The weight gain for 
these samples increased slowly and at a relatively continuous rate. However, for all the 
other samples, there was an initial period of steady weight gain, followed by a sudden 
marked increase in the rate of water uptake.  
 
After salt spray corrosion testing, the authors removed the coatings and any corrosion 
products and measured the weight loss. The weight loss of the 1 and 1.2 wt.% samples 
was the lowest at 1.13 and 2.10 mg.cm-2 respectively. This compares to the unmodified 
lacquer which suffered a weight loss of 46.11 mg.cm-2. 
 
2.3.4.5 Pretreatment of Nanoparticles and Nanocomposite Synthesis 
 
The use of surfactants and the dispersion of pigment particles in waterborne coatings was 
mentioned in Section 2.1.2.2. The problem with dispersing nanoparticles is that as the 
primary particle size is reduced, the tendency to agglomerate increases, as does the 
density of the agglomerate packing. More densely packed agglomerates have a greater 
number of contact areas between the primary particles and hence have higher shear and 
tensile strength. The dense agglomeration of particles also makes wetting of the primary 
particles with surfactants and dispersing agents more difficult119. It has been suggested 
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that such agglomeration will result in tribological properties which are inferior to a ‘micro’ 
composite due to the disintegration of the agglomerates111. 
 
In some instances, nanoparticles have been incorporated into organic resins without the 
need for surface modification104,115,116. Ng, et al.116 heated an epoxy resin to 60o C before 
stirring the nano titania particles in with a glass rod and then using sonication to disperse 
them. The authors state that SEM observations showed some particle agglomeration but 
claim that dispersion was ‘good’. Cayton120 also claims that the dispersability of 
nanoparticles in aqueous environments is sufficient to allow them to be incorporated into 
waterborne coatings. However, the author concedes that appropriate treatment of the 
particles can be beneficial to the following properties: 
 
• dispersability in liquids (aqueous, alcohol and hydrocarbons); 
• prevention of particle agglomeration; 
• compatibility with resin matrix; 
• functionalization of oxide surface with reactive groups; 
• refractive index matching; 
• passivation of the oxide surface chemistry. 
 
Mestach and Twene22 reported that, when adding colloidal silica to a waterborne acrylic 
varnish formulation, the haze increased on curing. The authors attributed this to the 
difference in the size of the silica particles (around 7 nm) and the acrylic dispersion 
particles (80 – 100 nm) and the stresses exerted on the silica particles during drying. 
These stresses then cause agglomerates of particles to be formed which are large 
enough to scatter light. As a result, the authors stress the need to render the particles 
organophilic. 
 
Surface treatments based on silane coupling agents are widely reported in the 
literature110,114,120,121,122. Wu, et al.121 used a commercially available silane, A-1010 to treat 
the surface of silica nanoparticles which were incorporated into a polypropylene matrix. 
The researchers investigated two methods of treating the particles: 
 
1. Disperse the silica particles in the silane using a diethyl benzene solvent. The 
solvent was then removed in a drying oven and the particles stirred into the PP. 
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2. Disperse the silica particles in a diethyl benzene solution of A-1010.  A diethyl 
benzene solution of PP was mixed with the suspension and the solvent was 
removed by drying in an oven. 
 
It was found that the first method did not satisfactorily eliminate particle agglomeration and 
the researchers suggest that this was because the van der Waals radius between the 
particles was greater than the distance between the particles. The second method gave 
better particle dispersion, attributed to the PP molecules increasing the distance between 
the particles, as shown on the right in figure 2.19. 
 
 
Figure 2.19 Dispersion of Nano Silica, Aided by Silane Coupling Agents121 
 
 Bauer, et al.112 used trimethoxysilane coupling agents to render the surface of silica 
nanoparticles organophilic. As the researchers were incorporating the particles into an 
acrylate coating system, methacryloxypropyltrimethoxysilane (MEMO) was chosen. This 
has the advantage that it has methacrylate functionality and hence will chemically bond 
with the matrix. One treatment technique involved mixing the nano silica and MEMO in the 
ratio 2:1 in boiling acetone, maleic anhydride was then added as a catalyst. The mixture 
was refluxed for 2 hours before washing and drying. The process is illustrated 
schematically in figure 2.20. 
 
PP Macromolecules 
Nano-SiO2 Nano-SiO2 Nano-SiO2 Nano-SiO2 
A-1010 A-1010 
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Figure 2.20 Surface Modification of Silica with MEMO112 
 
In addition to silica, MEMO silanes have also been studied by Rong, et al.124 to modify the 
surface of alumina nanoparticles. Incorporating a polymer compatible functional group 
during the surface treatment will not only ensure a chemical bond between the particle 
and the matrix but it has also been suggested that particles thus modified are centres of 
crosslinking reactions, improving the stiffness and toughness of the nanocomposite123. 
 
The work of Zhang, et al.118 on PVA grafted nano carbon black was discussed in Section 
2.3.4.4. In addition to comparative tests of coatings containing different particle loadings, 
they also performed anodic polarization tests on an unmodified coating, a coating 
containing 1 wt.% PVA grafted nano carbon and 1 wt.% ungrafted nano carbon. The 
graph is reproduced in figure 2.21. 
 
 
 
Figure 2.21 Anodic Polarization Curves of Coatings in 3.5% NaCl Solution: (a) 
Unmodified Coating; (b) with 1% Ungrafted Nano Carbon; (c) with 1% Grafted Nano 
Carbon118 
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The authors claim that the addition of the modified nano carbon leads to a reduction in 
anodic current compared to the unmodified lacquer and hence an improvement in 
corrosion properties. However, the polarization curve for the grafted carbon black also 
shows what appears to be a passive region, which the authors do not attempt to explain. It 
could be that they are actually recording phenomena generated by the steel substrate. 
The behaviour of the ungrafted nano carbon black seems inevitable as it will increase the 
electrical conductivity of the coating.  The shift in the corrosion potential for the grafted 
nano carbon coating is something which the authors claim as a benefit but they again do 
not attempt to explain the cause. It seems unusual that an organic coating should be 
capable of shifting the corrosion potential of the system and it is more likely that the 
coating simply has a high electrical resistance, which would account for the fact that the 
corrosion potential is around 0 mV vs. SCE. 
 
2.3.5 Nanotubes, Nanofibres and Nanowhiskers 
2.3.5.1 Nanotubes and Nanofibres 
 
Unlike nanoparticles, which are typically nano-sized in all three dimensions, nanotubes, 
nanofibres and nanowhiskers are characterized by having two nanometre dimensions. 
Carbon nanotubes (CNT) have created particular interest, not just in the role of 
nanocomposite additives. Potential applications include catalyst supports, bio-sensors and 
adsorbents. The latter function could be used to eliminate toxic gases or to store hydrogen 
for fuel cells125.  
 
The simplest form of carbon nanotubes are single-walled nanotubes (SWNT) whose walls 
consist of rings of carbon atoms. The diameter of the rings can vary but it has been 
suggested125 that above around 2.5 nm the tubes will collapse into a two-layer ribbon, 
while tubes as small as 0.4 nm diameter have been produced. The length of the 
nanotubes can extend into the millimetre scale. Multi-walled nanotubes (MWNT) can be 
considered as being several SWNT, one inside another. The world market for nanotubes 
was estimated to be $430 million in 2004, rising to several billion Dollars by 2009125. 
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As in the case of layered silicates and nanoparticles, dispersion of the nanotubes and the 
interface between the nanotubes and the polymer matrix are critical.  
In a review of these materials, Wagner and Vaia126 attribute variations in the observed 
performance of polymer nanotube composites to: 
 
• specimen preparation methods; 
• variations in nanotube quality and purity, dispersion, type, aspect ratio and degree 
of alignment; 
• differences in nanotube-polymer interfacial chemistry. 
 
The authors postulate that while these issues are important in conventional composites, 
they are probably critical in nanocomposites where the interfacial area per unit volume of 
filler is much greater. Stress transfer from the matrix to the nanotubes is important for the 
development of mechanical properties but its measurement poses difficulties. Wagner and 
Vaia report an experimental technique for MWNTs involving pulling a single nanotube 
from the surface of the polymer with an AFM tip. The force required to pull the MWNT 
from the matrix is derived from the deflection of the AFM tip. 
 
In a review of the mechanical properties of CNT nanocomposites, Liao, et al.127 report 
mixed levels of success. In one instance, the addition of 0.8 wt.% CNT to a PP matrix 
resulted in a drop in tensile strength, elastic modulus and breaking strain. At the opposite 
end of the spectrum, a nanocomposite containing 1 wt.% MWNTs gave an increase in 
fracture toughness of 170% compared to the unmodified PP polymer. The authors state 
that CNTs have been found to exhibit a broad range of tensile strengths and deduce that 
the nanotubes contain defects of different size and form, distributed along their length and 
that the defects interact with each other when stressed.  
 
Song and Youn128 refer to the work of other researchers who have found that oxidation, 
chemical functionalization and covalent attachment of polymer chains to carbon 
nanotubes improves dispersion and bonding between the nanotubes and the matrix. 
However, they state that functionalization may adversely affect the bonding between 
graphene sheets which constitute the nanotube structure, presumably referring to 
MWNTs. They observed that poor dispersion of nanotubes in an epoxy gave lower tensile 
strength and elongation and higher complex viscosity of the epoxy resin than well 
dispersed nanotubes, as determined by field emission gun SEM (FEGSEM) analysis. 
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It has been suggested that there are two forms of surface treatment available for carbon 
nanotubes129: 
 
• non-covalent attachment of molecules ('wrapping'), usually involving van der 
Waals forces. This method does not affect the structure of the nanotube and so 
impair its mechanical properties. However, due to the weak nature of the forces 
between the nanotube and the wrapping molecules, the stress transfer at the 
interface might be poor; 
• covalent attachment of functional groups on to the nanotube. While this will ensure 
a stronger interface between the nanotube and matrix, the functional groups might 
introduce defects to the walls of the nanotubes, thus weakening the tubes 
themselves. 
 
Another way in which the adhesion between the polymer and CNT may be improved is by 
mechanical interlocking. Modelling this mechanism, researchers have found that extra 
energy would be required to pull the nanotube from the matrix127. Ironically, it is the 
defects present in the nanotube - which may affect its strength - that actually assist by 
providing a ‘key’ between the CNT and matrix. The types of non-uniformity which are 
beneficial include variations in diameter and kinks in the nanotube. 
 
Researchers at the Chinese Academy of Science have studied the mechanical properties 
of epoxies reinforced with surfactant coated carbon nanofibres130. They suggest that the 
three surfactants investigated, polyoxyethylene alkyl ether (AEO9 and AEO7) and 
polyvinyl alcohol have both hydrophobic and hydrophilic segments. Hence by dispersing 
the nanofibres in an aqueous solution of the surfactant, the hydrophobic segment would 
wind round the surface of the nanofibre and the hydrophilic segment form hydrogen bonds 
with the epoxy. Although they found that the mechanical properties of the epoxy-2 wt.% 
nanofibre composites could be improved by the surfactant, they found that excessive 
amounts of the surfactant reduced the elastic modulus of the material. They suggest that 
this is caused by the surfactant acting as a plasticizer. 
 
Wagner and Vaia126 have elucidated the problems facing researchers in terms of the 
mechanical properties of polymer nanotube composites, as discussed. However, 
researchers have reported on other beneficial improvements which can be obtained by 
incorporating nanotubes into polymers. Electrical conductivity of composites has been 
found to improve at lower loadings than for carbon black powder additives128,131. This can 
be attributed to the shape of the additives which, as tubes, offer a more effective 
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conductive pathway than particles. Researchers have even proposed applying a voltage 
to the nanocomposite as it cures to align the nanotubes and improve further 
conductivity131. The lubricious nature of carbon has been credited for the improvement in 
wear resistance and reduction in friction coefficient for PMMA nanotube composites132. 
 
In the field of coatings research, significant emphasis has been placed on the successful 
distribution of nanotubes in a polymer matrix. Johnson, et al.133 investigated the use of 
carbon nanotubes in polymer matrices at pigment volume concentrations (PVC) from 2 – 
14% to generate electrically conductive coatings. Potential applications include coatings to 
protect composite aircraft structures from lightning strikes and to shield electrical 
equipment from stray electromagnetic or radio frequency interference. A novel technique 
to disperse the nanotubes was developed in which layered silicate organoclays were 
added to the matrix along with the nanotubes. Exfoliation of the clay platelets then aided 
the separation of the nanotubes during curing as shown in figure 2.22. Dispersion was 
effected by ultrasonic agitation. 
 
 
Figure 2.22 Clay Assisted Dispersion of Carbon Nanotubes in a Polymer Matrix133 
 
Optical micrographs of the nanotube-organoclay coatings and nanotube only coatings 
show a considerable improvement in dispersion. However, as the researchers used a 
high-shear mixing process for dispersion in the nanotube only coating, as opposed to 
ultrasonic, it is perhaps unfair to make direct comparisons.  
 
 Of particular relevance to this study, researchers have also reported the dispersion of 
nanotubes into waterborne acrylic coatings134. Two types of surface modified CNT were 
investigated. Firstly, SWNTs were produced and purified in nitric acid giving CNTs which, 
the authors claim, contain 4-6 at.% carboxylic acid (COOH). The COOH functionalized 
CNTs were then dispersed in dimehtyl formamide (DMF) at 0.55 wt.% by ultrasonication 
for 10 minutes. The solubility of the DMF in water then allowed this dispersion to be added 
Chapter 2 Literature Review   O.D.Lewis 
   
71 
 
to the acrylic formulation. The second method was to modify the surface of SWNTs with 
PVA to yield a PVA:CNT weight ratio of 10:1. The PVA modified CNTs were then 
dispersed in water at 1.5 wt.% and added to the waterborne acrylic by stirring. 
 
The authors claim to have produced coatings containing up to 3.5 wt.% CNT but they do 
not state how this was measured. Dispersion of the nanotubes in the matrix was studied 
by AFM, SEM and optical clarity measurements. The PVA modification method was found 
to produce a more effective dispersion than with COOH functionalized CNTs. In the latter 
case, the researchers state that some agglomerations of the nanotubes were sufficiently 
large to be discernible by the naked eye. 
 
2.3.5.2 Tetrapod Nanowhiskers 
 
Xu and Xie135 have reported the production of novel tetrapod-like zinc oxide 
nanowhiskers, shown in figure 2.23. 
 
 
 
Figure 2.23 TEM Image of Tetrapod-like ZnO Nanowhiskers135 
 
Categorizing the nano ZnO is difficult; the authors refer to it as a nanoparticle and 
nanowhisker, conceding that only the diameter of the ZnO is in the nano-scale range. This 
concurs with the definition discussed in Section 2.3.5.1 and hence they are considered 
here as nanowhiskers. 
 
The nanowhiskers were treated with an undisclosed surfactant before dispersion in an 
acrylic resin by sonication. Coatings were produced on copper plates and the electrostatic 
and antibacterial functions of the material explored. Conventional ZnO-filled coatings were 
produced for comparative purposes. Volume and surface electrical resistances were 
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measured and found to drop with increasing ZnO content. It was found that the drop in 
resistance for a given ZnO loading was greater in the coating containing the nanowhiskers 
than that containing conventional ZnO. The researchers claim that 2.5 – 5 wt.% ZnO 
nanowhiskers will provide an antistatic function comparable to 20 wt.% carbon black. As in 
the case of carbon nanotubes, the form of the ZnO nanowhiskers was assumed to allow a 
more effective conductive pathway. 
 
Antibacterial properties of the coatings were measured to a Chinese standard, GB15979-
1995. This gives a value of percentage antibacterial rate. Without further details regarding 
the test it is difficult to appreciate the significance of the values quoted. However, the 
authors claim an improvement when compared to conventional ZnO additives. The 
mechanism of antibacterial protection is attributed to a photocatalytic effect, as in the case 
of nano titania particles (Section 2.3.4.1), with decreasing particle size increasing 
antibacterial activity. 
 
2.4 Health, Environmental and Societal Issues Pertaining to Nanotechnology 
2.4.1 Health and Environmental Considerations 
 
While researchers continue to explore the possibilities which nanotechnology may offer in 
its various forms, some companies are already exploiting its benefits commercially. A 
study in America136 has produced a database of over 200 products which claim to benefit 
from nanotechnology. The markets for these products are shown in figure 2.24. Although 
some of these products may not contain nanoparticles, concerns have been raised over 
the effect of these particles which are being incorporated into consumer products such as 
tennis racquets137 and sunscreens138. A news item appearing in Surface World magazine, 
under the heading ‘Nanotechnology could be the new asbestos, says the TUC’139, 
reported that the UK Trades Union Congress (TUC) were raising concerns over exposure 
of workers to nanoparticles. They point out that while products containing nanoparticles 
are already available, there are currently no mechanisms for protecting workers or 
consumers from possible ill effects. 
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Figure 2.24 Breakdown by Market of ‘Nanotechnology’ Products136 
 
As mentioned in Section 2.2, a report was commissioned by the UK government to 
consider a wide range of issues pertaining to nanotechnology25. This report recommends 
that exposure to certain nanosized particles, such as nanotubes should be restricted as 
these may have toxic properties similar to asbestos. However, the report goes on to state 
that preliminary studies have shown that the nanotubes do not readily escape into the 
atmosphere as individual fibres. It is also noted that due to their high surface area, 
nanoparticles may be more toxic than similar but larger particles. The authors state that 
the reactivity of the particles could be controlled by surface coatings. Another issue is that 
the very size of nanoparticles may render them capable of penetrating cells. In the case of 
nanocomposites, the nanoparticles are bound up in a polymer matrix and therefore pose a 
minimal risk. However, the report suggests that manufacturers should make assessments 
of the potential risk over the lifecycle of the product.  
 
In the case of nanocomposites, the lifecycle would include the manufacture of the 
material, where the nanoparticles may be present in powder form. Recycling of 
nanocomposite materials will also become a consideration, perhaps requiring products to 
be labelled as containing nano-sized additives. In addition nanoparticles may also be 
liberated as a material deteriorates during use, for example from UV degradation. 
Considering nanocomposite organic coatings specifically, other possible sources of 
exposure include during application of the paint film and if the paint is rubbed down to be 
refinished140. 
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Toxicology of nanoparticles and nanotubes has been further discussed by Seaton and 
Donaldson141. They justify a comparison between nanotubes and asbestos fibres by 
stating that nanotubes share three significant features with asbestos fibres: ‘thinness, long 
needle-like shape and insolubility’. The authors also point to health problems which they 
attribute to traffic-derived nanoparticles. Crucially, they state that exposure to such 
nanoparticles has caused illness and even death by cardiovascular, in addition to 
respiratory, means. They propose three mechanisms by which the nanoparticles cause 
these effects: 
 
• increase in the risk of heart attacks due to inflammation and changes in blood 
coaguability caused by nanoparticles; 
• nanoparticles may be transferred to the blood, causing thrombosis or destabilising 
atheromatous plaques. Atheromata are accumulations of white blood cells within 
the walls of arteries142. Presumably destabilizing these will increase the risk of 
heart attack; 
• nanoparticles may be capable of stimulating or even penetrating nerves. The 
authors refer to research carried out on dogs in Mexico City, where it was found 
that metals accumulate in their brains from the air pollution. 
 
The ability of nanoparticles to permeate living tissue is one which has been contested by 
researchers, those sponsored by, or working for, companies producing or utilising 
nanoparticles, inevitably refuting this claim. Dr Nohynek, speaking on behalf of L’Oréal 
R&D at a conference organised by the Institute of Nanotechnology143 discussed the 
possibility of nanoparticles in cosmetics penetrating the skin. He has concluded that there 
is no known mechanism by which nanoparticles could penetrate the skin, while also 
stressing that cosmetic solutions contain discrete molecules smaller than nanoparticles.  
 
However, at the same conference, Dr Gatti from the University of Modena described her 
research into the presence of inorganic micro- and nano-sized particles in tissue taken 
from cadavers144. As the particles are not biocompatible and do not biodegrade, they 
remain in tissue where they cause inflammation. In a separate paper on the subject145, 
Gatti discusses the specific case of such particles being discovered in the liver and 
kidneys of humans. According to the author, particles less than 20 μm diameter are 
capable of crossing the intestinal barrier into the bloodstream, from where they should be 
filtered by the liver or kidneys. The author does not propose an explanation as to why the 
particles are not always filtered. In the instances reported, Gatti attributes the presence of 
particles to causes such as wear of dental materials or orthopaedic implants, but her 
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presentation at a conference for the nanotechnology industry144 implies that she perceives 
a similar danger from ‘engineered’ nanoparticles. 
 
An irony exists in the concerns which have been raised over nanoparticle toxicity and that 
is that engineered nanoparticles are being considered for medical applications where their 
small size and active surface are advantageous. In these applications, nanoparticles are 
intended as diagnostic aids and drug carriers. In the latter category, pulmonary delivery is 
even being considered as a means for the treatment of respiratory diseases146. 
 
As previously mentioned, there is also a need to consider the lifecycle of products 
containing nanoparticles, as the pressure to recycle materials becomes ever greater. 
There is little information available, as yet, on this topic, although it has been suggested 
that some nanoclay-containing thermoplastics can be crushed and re-melted without loss 
of mechanical properties147. Clearly this is not applicable in the case of organic coatings, 
but consideration should be given to the possibility of the release of nanoparticles as the 
coating degrades over its lifetime. 
 
2.4.2 Policy and Public Perception 
 
Michelson148 produced a review which compared the UK report on nanotechnology25 with 
similar reports produced in Germany and Switzerland. The author summarizes the 
findings of the individual reports as shown in table 2.14. 
 
Issue Swiss UK German 
Health risk 
analysis 
• Little data available 
• Defects emerge over 
time 
• Could damage lung, 
heart and brain 
• Analogy with 
asbestos used to 
inform regulatory 
framework 
• Little data available 
• Need new tests to 
understand toxicity 
• Analogy with asbestos 
used to inform 
regulatory framework 
• Most risky form is 
inhaling aerosol 
particles 
• Could damage lung, 
heart and brain 
Environmental 
risk analysis 
• Little data available 
• Nanoparticles could 
remain in air, soil or 
water 
• Little data available 
• Nanoparticles could 
remain in air, soil or 
water 
• Little data available 
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Worker risk 
analysis 
• Reduce exposure 
limits 
• Safety devices not 
robust 
• Need ‘best’ handling 
and transportation 
practices 
• Reduce exposure 
limits 
• Review accident 
management 
procedures 
 
• Need worker training 
on protective 
measures 
• Need ‘best’ handling 
and transportation 
practices 
Regulatory 
framework 
• Nanoparticles should 
be new class of 
materials 
• Common international 
standards needed 
• Nanoparticles should 
be new class of 
materials 
• Continually adaptable 
and emerging 
regulatory framework 
• Include provisions for 
future applications 
• Regulatory approach 
needs to be adapted 
Regulatory 
ethos 
• Precautionary 
principle supported 
• Cautious, though 
specifically states 
there is no need for a 
moratorium on 
production 
• Careful consideration 
of hazards required 
Public 
education 
• Window of time 
currently available to 
shape public 
perception 
• Do not wait for 
negative event to 
shape public opinion 
• Fund research into 
public attitudes 
• Suggest bi-annual 
review of new 
nanotechnologies 
• Communicate risks to 
public 
• Initiate public dialogue 
including all 
stakeholders 
Table 2.14 Review of European Nanotechnology Reports148 
 
What is apparent from table 2.14 is that, at present, the health implications of 
nanotechnology are not fully understood. According to Michelson, both the UK and Swiss 
reports suggest that, in terms of the health risks, there is ‘little data available’. Crucially, 
both the German and Swiss reports have, Michelson suggests, considered the importance 
of keeping the public aware. In particular, he highlights the Swiss conclusion that research 
needs to be carried out into health consequences of adopting nanotechnologies before 
public opinion on the matter is adversely affected by a ‘negative event’. 
 
An example of such an event was the recalling of a German household cleaning product 
marketed under the name ‘Magic Nano’. The recall was covered by the Washington 
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Post149 who reported that in a one week period, at least 77 people had developed 
respiratory problems after using the product. Cases such as these, which have been 
widely publicized, have caused organizations such as the Canada-based ETC Group to 
repeatedly call for a moratorium on nanotechnology research. The cartoon taken from 
their paper ‘Size Matters! The Case for a Global Moratorium’150, portrays their stance on 
the development of nanotechnologies; see figure 2.25. 
 
 
Figure 2.25 Nanotechnology Safety Cartoon150 
 
Although nanotechnology may have a profound and positive impact on society, concerns 
have been voiced regarding its potentialities. An extreme viewpoint, which has been 
widely reported, is that self-replicating nano-machines will convert all matter into what has 
become known as ‘grey goo’. While such claims may undermine the efforts of 
researchers, there are legitimate questions being raised regarding the health, toxicological 
and environmental impact of nanotechnology. 
 
2.5 Assessing the Corrosion Protection of Organic Coatings 
 
One of the primary functions of many coating systems is to protect the substrate from 
degradation. In the case of metallic substrates, this is achieved by delaying the onset of 
corrosion. There are two important mechanisms by which organic coatings perform this 
task : 
 
• by acting as a physical barrier between substrate and environment. Hindering the 
diffusion of water, oxygen and ions protects the substrate from the conditions 
necessary for electrochemical corrosion to occur; 
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• coatings have a high electrical resistance. This impedes the flow of corrosion 
current between anodic and cathodic sites on the metal surface. 
 
In the former case, it has been argued that if the permeability of a coating is too low, 
osmotic pressure will cause blistering to occur at sites where surface defects or 
contamination already exist. 
 
Rammelt and Reinhard151 propose an extensive list of variables which will influence the 
ability of a coating to engender corrosion protection: 
 
• the dielectric properties of the coating; 
• the adhesion of the coating to the substrate; 
• the water and oxygen uptake of the coating; 
• ion penetration of the coating; 
• pigments and inhibitive additives; 
• ageing of the coating; 
• mechanically weakened spots and pinholes; 
• the surface characteristics of the metal substrates; 
• surface pretreatment; 
• environmental conditions; 
• various complicated electrochemical corrosion reactions at the metal-coating 
interface after permeation of water and oxygen. 
 
Ideally, the corrosion performance of a coating system would be assessed in its service 
environment, although in reality this is rarely feasible. Consequently, a variety of 
techniques have evolved to allow researchers to determine the performance of a coating 
before it is commercialized. These can be broadly categorised as accelerated 
environmental techniques, such as neutral salt spray corrosion testing and 
electrochemical methods. The universal acceptance of salt spray corrosion tests and 
derivatives such as Prohesion testing means that data from such techniques is widely 
recognized. However, issues surrounding these tests include the questionable 
representation of service conditions, the subjective nature of assessment and the 
variations that arise between different test chambers. Electrochemical techniques, such as 
electrochemical impedance spectroscopy, provide researchers with more fundamental 
quantitative data regarding many aspects of the performance of a coating system, allied to 
good reproducibility of results.  
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2.5.1 Electrochemical Impedance Spectroscopy (EIS) 
 
EIS is a form of AC impedance, a technique with numerous applications in 
electrochemistry and materials science. EIS has been comprehensively reviewed in 
texts152 and in the literature; Murray153, reviewing different corrosion measuring methods 
for organic coatings, found that between 1989 and 1994, “…the use of EIS predominated 
in the literature.” With an extensive quantity of literature available, only the principles of 
the technique, together with a review of certain papers will be included here. 
 
The principle of EIS is to apply to the test specimen an AC voltage given by the 
equation154: 
 
V(t) = Vm.sin(ωt)          (1) 
 
This gives rise to a current response given by: 
 
I(t) = Im.sin(ωt+θ)          (2) 
 
Where θ is the phase difference between the voltage and current, as shown in figure 2.26.  
 
 
 
 
 
 
 
 
 
Figure 2.26 Applied AC Voltage and Current Response 
 
From this, an equation can be derived by Fourier transformation which is analogous to 
Ohm's law for DC circuits: 
 
I(j ω) = V(j ω)/Z(j ω)          (3) 
 
Where j ≡ √-1.  
 
Time 
V I
θ 
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Z(j ω) is the impedance, often referred to simply as Z(ω). This can be modelled by a 
number of electrical components arranged to give an 'equivalent circuit', from which 
information regarding various electrochemical processes taking place can be gleaned. 
However, derivation of such circuits can be difficult and relating the components to 
measured electrochemical activity even more so. Figure 2.27 shows two equivalent 
circuits for organic coatings. The first (2.27a), known as the Randles circuit after the 
electrochemist who first proposed it, has been purported to represent an ‘intact’ coating 
and the second (2.27b) a 'defective' coating155. In figure 2.27a the coating is modelled in 
an idealized situation where the coating behaves as a dielectric. However, the absorption 
of water and ions by the coating brings into effect electrochemical activity at the coating-
metal interface. This is represented in 2.27b by the additional resistor and capacitor in 
parallel. Such combinations of resistors and capacitors form what are known as time 
constants. The circuit shown in 2.27a has a single time constant, while that in 2.27b has 
two time constants. 
 
Walter156 uses the Randles circuit to represent only unpainted metal surfaces, with Cf and 
Rf replaced by Cdl and Rct, respectively. The author argues that this circuit must then be 
modified to include terms representing the paint film parameters (Cf and Rf in figure 2.27b) 
to model any painted metal, regardless of whether or not the coating is ‘intact’. Walter 
states that different researchers have proposed various interpretations for the significance 
of the components Rf and Cf in the context of organic coatings on metal. 
 
 
 
Figure 2.27a Randles Circuit for Impedance Data Analysis 
 
Rsol 
Cf 
Rf
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Figure 2.27b Equivalent Circuit With Additional Components Incorporated 
 
The components shown are as follows: 
 
• Rsol: resistance of the solution in which the test is being performed; 
• Cf: capacitance of the coating film; 
• Rf: resistance of the coating film; 
• Cdl: double layer capacitance; 
• Rct: charge transfer resistance. 
 
Walter’s interpretation of Cf and Rf are156: 
 
• Cf: capacitor consisting of the metal and electrolyte, with the paint film as a 
dielectric, or the capacitance of areas where rapid solution uptake does not occur; 
• Rf: pore resistance due to electrolyte penetration and at damaged areas of the 
film, or as areas where rapid solution uptake occurs e.g. at pre-existing holes or 
porous areas where crosslink density is low. 
 
Rsol, Rf and Cf are often represented in the literature by different terms. The Rct and Cdl 
components exist due to reactions occurring at the surface of the substrate metal. In some 
cases, initial impedance spectra conform to the circuit shown in 2.27a, while the onset of 
underfilm corrosion requires the addition of these extra components. Piens and Verbist 
have also expanded upon the significance of the different components which contribute to 
an impedance spectra157. They refer to Rf as Ri, the ionic resistance. This, the authors 
claim, represents the resistance to ionic transport originating from the coating and will be 
Rsol 
Cf 
Rf
Cdl
Rct 
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determined by the concentration of ions in the coating, their valency, mobility and the 
dimension and number of penetration passages available to the electrolyte per unit area. 
Hence as the ion transport increases, the resistance value will drop, indicating penetration 
of electrolyte into the coating and an increase in porosity. 
 
In the initial stages of immersion in an electrolyte, the high resistance to ion flow 
presented by the coating will effectively 'mask' the electrochemical activity occurring at the 
coating/substrate interface. This activity is represented by the double layer capacitance, 
Cdl and charge transfer resistance Rct. The latter value represents the resistance to the 
transfer of charge across the coating/substrate interface and, according to Piens and 
Verbist, is the only electrochemical value which is closely linked to the rate of substrate 
corrosion. The authors go on to state that for organically coated metals, Rct can only be 
measured effectively in an acid medium or if the coating resistance is low. This reinforces 
the view of those researchers who have incorporated Cdl and Rct components to their 
equivalent circuits only as the coating deteriorates. 
 
Derivation of simple equivalent circuits and determination of the values of the components 
which comprise the circuit have been discussed in the literature156,158. However, a 
software package is usually employed to perform this function, as discussed in Section 
2.5.1.1. 
 
Data from impedance experiments can be plotted in different formats, including Nyquist or 
Bode plots. A Nyquist (also known as Cole-Cole or complex impedance plane159) plot 
shows the imaginary component of Z(ω), Z'', plotted against the real component, Z'. The 
simple example given in figure 2.28, taken from ASTM Standard G106-89160, shows a 
Nyquist plot of a sample behaving according to the equivalent circuit in 2.27a. Figure 2.29 
also shows a similar Nyquist plot and the correlation between calculated data and that 
obtained by simulation with the equivalent circuit. In some instances, arrows are included 
on Nyquist plots to indicate the direction of increasing or decreasing frequency. However, 
this inability to perform frequency specific data interpretation has led to some researchers 
adopting the Bode format. These plots display a given function, usually impedance and 
phase angle, against frequency. Figure 2.30 shows separate plots for impedance and 
phase angle, although in many instances these are incorporated into one plot with two 
axes. 
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Figure 2.28 Example Nyquist Plot160 
 
 
Figure 2.29 Example of Experimental and Modelled EIS Data Showing the 
Equivalent Circuit161 
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Figure 2.30 Bode Plots Showing Impedance and Phase Angle160 
 
Components commonly used to represent electrochemical phenomena include158: 
 
• Resistor (R): resistance encountered by charge carriers, such as resistance of a 
coating or charge transfer resistance; 
• Capacitor (C): an accumulation of charged species, e.g. coating capacitance or 
double layer capacitance; 
• Inductor (L): used to represent deposition of surface layers, e.g. formation of a 
passive film; 
• Warburg diffusion (W): models semi-infinite diffusion (such as diffusion through the 
pores of an organic coating156).  
• Constant phase element, CPE (Q): used to model several circuit elements. Its 
impedance expression is given by: 
 
Z =   1    (jω)-n          (4) 
        Y0 
 
Where Z is the impedance, Y0 the admittance constant of the CPE, ω the angular 
frequency and n the power of the CPE. If n = -1, the CPE can represent an 
inductor, n = 0 a resistor, n = ½ Warburg impedance and n = 1 a capacitor. It is 
commonly used to represent a capacitor in a non-ideal situation.  
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2.5.1.1 Practical Aspects of EIS Experiments 
 
• Electrolyte: an aqueous sodium chloride solution is commonly used for corrosion 
studies. Examples found in the literature are in the range 3 – 5 wt.%. Fedrizzi, et 
al.162 also report the use of a 0.3% Na2SO4 electrolyte. Van der Weijde, et al.163 
argued that immersion is not representative of most service conditions. The 
authors instead utilized a humidity cabinet in which the samples were subjected to 
atmospheres of increasing relative humidity. Test specimens were produced by 
sputtering a conductive gold grid on to the coating being tested, as shown in figure 
2.31. This forms what the authors describe as a 'sort of parallel plate capacitor' 
with which the dielectric properties of the coating can be measured. 
 
 
Figure 2.31 Sputtered Conductive Grid for Humidity Impedance Tests163 
  
• Applied potential: Macdonald and Johnson154 suggest that the applied potential 
should be ≤10 mV. Although 10 mV is widely encountered in the literature, Zin, et 
al.164 used 20 mV, with no justification given for this seemingly high potential. One 
consideration with AC signals is whether the values quoted are peak to peak 
values or root mean square (rms). In many instances, authors neglect to disclose 
this, although where this information is included, rms values are given. According 
to Macdonald and McKubre165, for an impedance function to be valid, the 
impedance should be independent of the potential perturbation. However, it has 
been found that in reality, there is a degree of non-linearity in impedance 
experiments, hence the need to model certain circuit elements with CPEs158. 
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• Frequency range: one drawback with the technique is that the time to acquire data 
is often determined by the frequency. This is because the minimum time to acquire 
data at a particular frequency is given by the equation165: 
 
Tmin = Σi 1/fi          (5) 
  
Murray153 suggests a frequency range of 5 mHz to 100 kHz with 5 - 10 data points 
taken per decade of frequency. Princeton Applied Research, suppliers of 
electrochemistry equipment, state in their literature that the frequency range 0.001 
Hz to 104 Hz is sufficient to ‘characterize most electrochemical systems quite 
well’159. Castela, et al.166 found derivation of an equivalent circuit for their coatings 
difficult and instead decided to estimate the capacitance at one frequency, 50 kHz. 
However, the authors do not comment on the errors which might arise from this 
approach. As a means for assessing water uptake, this technique will be 
discussed further in Section 2.5.2. 
 
Other approaches are to subject a sample to either simultaneous sine waves or 
'white noise'. This allows a range of frequencies to be imposed in a shorter time. 
The use of computers to produce white noise and to carry out the Fourier analysis 
necessary to interpret the data has made this technique more readily available to 
researchers. 
 
• Test area: a sample area of approximately 1 cm2  for every 2.5 μm of coating 
thickness has been suggested by Kendig and Scully167. The authors conducted 
trials on impedance dummy cells and found that as the dummy cell capacitance 
decreased, the percentage error in the experimentally derived capacitance value 
increased. They therefore concluded that their system could not accurately 
measure capacitances below 1 nF and from this they calculated the minimum 
permissible test area for a given organic coating thickness. It should be noted that 
sensitivity of a test and its ability to measure small capacitance will be dependent 
on the equipment being used.  
 
• Equivalent circuit analysis: the use of equivalent circuits, described in Section 
2.5.1, allows researchers to interpret data and model coating system responses. 
Several software packages are available which are capable of deriving such 
circuits. These include Boukamp's Equivcrt168, Macdonald’s LEVM169 and  
ZsimpWin170. 
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2.5.2 Measurement of Organic Coating Water Uptake 
 
Water uptake by organic coatings has been reviewed by Thomas171, who emphasizes the 
significance of both the size of the penetrant molecules and the mobility of the polymer 
segments. If the penetrant molecules are sufficiently small, then uptake can continue by 
‘random jumps’ of the penetrant molecules. This can be considered to be ideal behaviour, 
obeying Fick’s laws of diffusion, which can be summarized by the following equations: 
 
J = -D dc          (6) 
           dx 
 
Where J is the diffusion flux, D is the diffusion coefficient, c is the concentration and x the 
distance in the direction of diffusion. 
 
dc = D d2c          (7) 
 dx2 
 
Equation 6 represents Fick’s first law and applies to steady-state diffusion situations, while 
equation 7, which applies to non steady-state conditions, represents Fick’s second law. 
However, if the penetrant molecules are large relative to the monomer units, then diffusion 
has to occur by the movement of several monomer units, known as a polymer segment. 
Thomas states that above the Tg this is not a hindrance and diffusion can proceed 
according to Fick’s laws. Presumably this is due to the higher mobility of the polymer 
chains above the glass transition. Below the Tg, however, the situation is more complex as 
there is a finite rate at which the polymer molecules can rearrange themselves to permit 
the penetrant molecules to diffuse. Thomas171 outlines three situations which can arise: 
 
1. Case I (Fickian) – penetrant mobility is much less than polymer segmental 
relaxation rates. 
2. Anomalous – penetrant mobility and polymer segmental relaxation rates are 
comparable. 
3. Case II – penetrant mobility is much greater than polymer segmental relaxation 
rates. This type of transport is characterized by a sharp boundary separating the 
inner glassy core from the outer swollen layer and the boundary advances with 
constant velocity. It occurs in systems where there is considerable swelling of the 
polymer by the penetrant. 
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The author also considers the effect of pigments on the diffusion rate through organic 
coatings and suggests that pigments themselves should be impermeable, have a ‘platy’ 
high aspect ratio shape and be aligned so as to produce the most tortuous pathway for 
diffusing species and exhibit excellent adhesion to the binder in both dry and wet 
conditions. 
 
Measuring moisture uptake has been widely investigated as a means of ranking the 
performance of organic coatings, which are expected to engender barrier protection to the 
substrate. In addition to gravimetric techniques, measurements of the coating capacitance 
have been used by researchers to investigate this phenomenon. The increase in 
capacitance which is observed during water absorption is explained by the equation151: 
 
C0 =   ε0εA          (8) 
 d 
 
Where C0 is the coating capacitance, A is the area of the coating and d the thickness. ε0 is 
the permittivity of free space and ε the dielectric constant of the coating. Because the 
difference between the dielectric constant for water and that for the majority of organic 
coatings is sufficiently high, even small amounts of water absorbed by the coating give 
rise to large changes to the dielectric constant. It can be seen that an increase in the 
value of ε due to water absorption will induce an increase in capacitance. 
 
The increase in capacitance with water uptake can be used to calculate volume 
percentage of absorbed moisture, as defined by Brasher and Kingsbury172: 
 
Xv =     (100) log (Cm/Cm,0)        (9) 
        log(80) 
 
Where Xv is the volume percentage and Cm and Cm,0 are the capacitances at time t and at 
the outset, respectively. The '80' in the denominator represents an approximation to the 
dielectric constant of water. It should be noted that Brasher and Kingsbury's research 
predated the use of EIS and so other methods for ascertaining the capacitance at a single 
frequency were adopted. According to Kendig and Scully167 the frequency dependent 
nature of the coating response was not measured until the 1970s.  
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Three significant observations based on Brasher and Kingsbury’s findings can be made: 
 
1. repetition of the experiments suggests there is less variability in the capacitance 
data compared to gravimetric results. Gravimetric tests involve weighing samples 
before and after immersion, with the water absorption accounting for any mass 
increase; 
2. for some paint systems tested, there is a good correlation between the water 
uptake values calculated by capacitance and gravimetry. This brings the value of 
capacitance measurements into question, if gravimetric tests are necessary to 
determine whether or not capacitance will be appropriate. However, the authors 
argue that, once a correlation has been determined, the technique offers the 
advantages of speed, simplicity and is non-destructive; 
3. in some cases, Brasher and Kingsbury noted that water uptake values calculated 
from the measured capacitance increased more rapidly than those derived from 
gravimetric tests in the initial period after immersion. From this they suggested that 
the water distribution in the coating was not random. Instead, they argued that the 
water fills pores or capillaries normal to the surface. Over a longer period of time, 
the water spreads out laterally to give a uniform, random dispersion and numerical 
agreement with the gravimetric data. 
 
In a second paper173, Brasher and Nurse proposed a more detailed sequence of events 
leading to the corrosion of the substrate. For this paper, they investigated a single coating 
system, whose capacitance data concurred with that obtained from gravimetric 
experiments: 
 
i. uptake of water, at first randomly distributed (for the particular system studied); 
ii. a re-orientation of the mode of distribution of the water in the film, probably by 
linking together of droplets to form continuous pores normal to the paint surface; 
iii. the establishment of equilibrium between the solution in the pores and the solution 
in which the paint is immersed; 
iv. the onset of corrosion currents, of intensity determined by the electrical 
conductivity of the solution in the pores, which is equal, or approximately equal, to 
that of the surrounding solution. 
 
These two papers172,173 suggest that there is a correlation between the mode of water 
absorption and the variation between capacitance and gravimetric water uptake data. 
Gentles174 also considered the orientation of water in a coating to be a determining factor 
Chapter 2 Literature Review   O.D.Lewis 
   
90 
 
in the level of agreement between capacitance and gravimetric measurement. The author 
proposed that for Brasher and Kingsbury’s equation, which he attributes to Hartshorn, 
Megson and Rushton175, to apply, water absorption must occur evenly and randomly 
throughout the film. He further asserted that if the water is distributed in pores or 
capillaries perpendicular to the substrate, capacitance values for Xv will be too large, while 
orientation parallel to the surface will produce underestimates for Xv. Gentles suggests 
that a comparison between gravimetric and capacitance water uptake values can provide 
useful information regarding the mode of water absorption for a particular coating. 
 
Tests were performed by Gentles to consider the effect of pigment concentration on the 
ratio Xv capacitance/Xv gravimetric. Experiments were conducted using modified phenolic 
coatings on aluminium substrates, with a bauxite residue pigment. Bauxite residues are 
synthesized as a by-product of the Bayer process for refining bauxite176. Pigment 
concentrations in the range 0-60% by volume were assessed and the comparative ratio 
calculated after an immersion time of 7 days. At low pigment concentrations, a value of 
approximately 1 for the Xv (cap.)/Xv (grav.) ratio suggests that water uptake was random. 
At a concentration of 53%, the ratio increased dramatically, reaching a value of 
approximately 7 at 60% pigment concentration.  
 
2.5.2.1 Changes in Measured Capacitance With Time 
 
 The trends observed in capacitance values over a period of immersion are often similar 
and can be represented schematically, as shown in figure 2.32. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.32 Schematic Representation of Capacitance Change During Immersion of 
Organic Coating Specimen 
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Three distinct regimes are apparent, as indicated on the graph: 
 
1. Rapid increase of capacitance on initial immersion. This is attributed by Touhsaent 
and Leidheiser177 to the entry of water into capillaries in the coating film. 
Extrapolation of the line back to time t = 0 will give the value of C0. 
2. Capacitance during the second phase of  the graph is said by some researchers to 
remain constant, representing saturation of the coating151,178. However, Deflorian, 
et al.178 acknowledge that, in reality, a change in the slope of the curve may be 
exhibited as opposed to a 'plateau'. In other cases, a change in the rate of 
capacitance increase (as shown in figure 2.32) has been considered as a real 
phenomenon, occurring as a result of solution of water into the polymer177.  
3. Finally, a more rapid increase in capacitance may be observed at longer 
immersion times. Deflorian, et al.178 state this is due to a further accumulation of 
water in the coating, which seems contradictory to their belief that the second 
stage represents saturation of the coating. A more plausible explanation is that this 
trend is caused by underfilm corrosion activity at the substrate surface151,177. 
 
2.5.2.2 EIS: Water Uptake Measurements 
 
Values of water uptake calculated from capacitance measurements are a convenient 
means for ranking the performance of paint films, as already discussed. Although some of 
the early research into capacitance measurements predated the use of EIS, researchers 
now have the capability to perform capacitance measurements in several ways. Firstly, 
capacitance values can be calculated from an equivalent circuit, of the type shown in 
figure 2.27. However, unless other information needs to be gleaned from EIS spectra, this 
technique will be unnecessarily time consuming, due to the time required to acquire data 
at low frequencies, as discussed in Section 2.5.1.1. Van Westing158 does propose taking 
readings over a smaller frequency range (10 – 50 kHz is suggested) and using one of the 
software modelling packages168-170 and fitting this data using a Randles circuit, shown in 
figure 2.27a. Values for coating capacitance can be calculated directly by the software. 
 
The second method is to gather impedance data at a single frequency, determined after 
obtaining an initial EIS spectra. The research carried out by Castela, et al.166, already 
discussed in Section 2.5.1.1, involved calculating the water uptake from an estimate of the 
capacitance derived from a single frequency of 50 kHz. The authors claimed that this 
corresponded to the highest phase angle in the majority of their spectra.  
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Their equation for capacitance was: 
 
C = 1/(2π.f.Zi)          (10) 
 
Where f is the frequency and Zi is the imaginary component of the impedance. Other 
researchers have also adopted this approach to investigate coatings, using a frequency of 
14 kHz179. The authors do not give details of how this value was decided upon, merely 
that preliminary sweeps were performed between 10 and 50 kHz. A third alternative is 
similar to the second, except that an arbitrary frequency value is adopted. 1 kHz has been 
suggested151. 
 
Standish and Leidheiser180 measured capacitance changes over time at a frequency of 
100 Hz. The samples were a 61 μm thick coating consisting of unpigmented epoxy resin 
cured with polyamide resin and coated on to an undisclosed metal substrate. A cylinder of 
approximately 3 cm diameter was then attached to the surface of the coating and filled 
with a 3% NaCl electrolyte. Over the test period of 50 h, the capacitance increased in the 
manner portrayed in stages 1 and 2 in figure 2.32, although after around 15 h, the 
capacitance value dropped slightly before stabilizing at a consistent value. The 
researchers then dried the sample in a desiccator for 2 days before repeating the 
experiment. This time, the initial value C0 was higher than before and the capacitance 
increased more rapidly, before attaining a higher value than during the first immersion. At 
around 15 h immersion, there was again a drop in the capacitance, only on this occasion it 
was a more sudden change and the change was more numerically significant. After this 
event, the capacitance then increased at a slow rate, rather than stabilizing. The authors 
attributed these differences during the second immersion to either physical damage to the 
coating during the first immersion or ionic species which had remained trapped in the 
coating. Regarding the drop in capacitance at around 15 h, the authors comment that due 
to the variety of physical and chemical factors which influence the impedance data, it is 
not always possible to interpret such occurrences. 
 
A more thorough survey of the techniques available for measuring water uptake by EIS 
has been compiled by van Westing158. 
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2.5.2.3 Assessing the Accuracy of Capacitance Measurements for Water Absorption 
 
As discussed in Section 2.5.2, the accuracy of water uptake data obtained using EIS can 
be ascertained by comparison with gravimetric data. The publications previously 
discussed172-174 have used this technique to conclude that agreement between the two 
techniques is a function of polymer type, orientation of the water in the coating, time and 
pigment loading.  
 
 Further studies into the correlation between capacitance and gravimetric data have been 
carried out by Lindqvist181 and Castela and Simoes182,183, among others. Lindqvist used 
capacitance measurements to calculate water uptake from not only the empirical Brasher 
Kingsbury equation but also theoretical mixture equations derived by Wagner, Rayleigh, 
Boettcher, Bruggeman and Looyenga. Details of each are provided by Lindqvist in the 
reference given. The author’s experimental data is based on capacitance values derived 
from EIS tests of epoxy, chlorinated rubber, alkyd and linseed binders with various 
pigments. The use of EIS to perform these tests will be further discussed in Section 
2.5.2.3. No information is given regarding the thickness of the applied films. Tests were 
conducted in a 0.1M sodium chloride solution, with gravimetric tests included for 
comparison. Lindqvist arrived at a general ranking for the equations as follows: 
 
Wagner < Rayleigh < Bruggeman < Boettcher < Looyenga < Brasher         
 
Data quoted by the author for absorbed water volume fraction taken after 24 h immersion 
shows that this ranking applies to all the coating systems examined, with the Wagner 
equation giving the highest values and Brasher giving the lowest. For each coating tested, 
the gravimetric value for water volume fraction is lower than any of the EIS-derived 
results, with one exception. In the case of one of the epoxy samples, the Brasher equation 
gave a value of 0.038, while gravimetry gave a value of 0.072. The difference between the 
Brasher and gravimetric values differs for each sample, the greatest difference being 
0.155, while the smallest is 0.003. Consequently a ranking of the performance of the 
coatings by water uptake would vary depending on the method used. This is shown in 
table 2.15, which is derived from Lindqvist’s results. 
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Binder Pigment Water 
Volume 
Fraction 
(Brasher) 
Water 
Volume 
Fraction 
(gravimetry)  
Ranking 
(Brasher) 
Ranking 
(gravimetry) 
Epoxy Pb3O4 0.035 0.018 3 2 
Fe2O3 0.053 0.072 5 6 
Chlorinated 
rubber 
Pb3O4 0.0083 0.0080 1 1 
Alkyd Pb3O4 0.033 0.021 2 3 
Fe2O3 0.186 0.031 6 5 
Linseed oil Pb3O4 0.036 0.025 4 4 
Table 2.15 Absorbed Water Volume Fraction After 24 h Exposure to 0.1M NaCl181 
 
Standish and Leidhesier180 compared the gravimetric and capacitance methods for not 
only immersed samples but also those exposed to different relative humidity. Samples for 
gravimetric testing were either immersed in deionized water or exposed in environments 
of differing relative humidity. Exposure of the samples for capacitance measurements was 
similar but ‘various salt solutions’, whose exact composition is not stated, were used. EIS 
tests were conducted using a cylinder attached to the coating surface and filled with 
mercury to provide an electrical connection. Their results, obtained after 24 h 
exposure/immersion are given in table 2.16. 
 
Relative Humidity to 
Which Coating 
Exposed for 24 h 
Weight Percent Water Uptake 
Gravimetric Calculated from 
Brasher Equation 
Calculated from 
Boettcher Equation 
20% 0.47 0.33 0.50 
43% 0.95 1.19 1.83 
54% 1.54 4.67 7.33 
84% 2.02 6.05 9.16 
Water Immersion 2.18 7.15 10.99 
Table 2.16 Water Uptake Ascertained by Gravimetric Measurements and Calculated 
from Capacitance180 
 
The results show that, for the coating systems tested, the Boettcher equation always 
overestimated the water uptake. Only at 20% relative humidity did the Boettcher equation 
give a closer approximation to the gravimetric value than the Brasher equation. The latter 
overestimated the values by a smaller amount, except at 20% relative humidity when it 
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gave a lower value than gravimetry. It can be seen from the data in table 2.16 that as the 
relative humidity increases, the accuracy of the calculated water uptake decreases. 
 
In their research, Castela and Simoes182,183 attempted to improve upon the Brasher 
Kingsbury equation by developing their own model estimating water uptake by EIS. In the 
first part of their work182, they considered the high frequency impedance situation. Their 
equation for the real and imaginary components of impedance is given as: 
 
Zreal = RΩ +     Rf         (11) 
                      1 + (ωτf)2 
 
Zimag =        -ωCf(Rf)2         (12) 
                  1 + (ωτf)2  
 
Where: 
  RΩ is the solution resistance; 
  Rf is the film resistance; 
  Cf is the film capacitance; 
  ω is the angular frequency, given by 2πf where f is the frequency; 
τf = CfRf. 
 
At high frequencies, where (ωτf)2 >> 1: 
 
Zimag ≈      -1          (13) 
   ωCf 
 
The authors then state that for a protective organic coating with a conducting solution 
where Rf >> RΩ, the high frequency impedance data will become purely capacitative with 
a phase angle of approximately 90O and |Zimag| >>|Zreal|, hence: 
 
jZimag ≈ Z          (14) 
 
From this, the authors derived three equations which they then tested experimentally: 
 
1. Ternary system: 
In this case, the system is modelled as three components, the coating, water and 
air (assuming a dry film at the outset). 
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Φ =        Ct - C0         (15) 
              Csol - Cair 
  
Where Ct is the measured capacitance calculated from the imaginary component 
of impedance, C0 is the initial capacitance obtained by extrapolating Ct to t = 0 and 
Csol and Cair are the capacitance of the solution and air respectively. Φ is the water 
volume fraction. 
 
2. Simplified equation: 
Assuming Csol >>Cair: 
 
Φ =    Ct - C0          (16) 
            Csol 
 
3. Binary system: 
Assuming a binary system, without air: 
 
Φ =    Ct - C0          (17) 
         Csol - C0 
 
The authors tested the three models on three coatings: PVC, polyester and polyvinylidene 
fluoride (PVDF). Additionally, the authors refer to the testing of white, red, black and grey 
coloured commercial PVDF coatings. The significance of the colours is not stated; it is 
possible that these are different corrosion inhibiting pigments. The coatings were applied 
to nickel substrates to minimize the effect of underfilm corrosion. EIS tests were 
performed in 3 wt.% NaCl solution at rest potential with an applied signal amplitude of 30 
mV. The frequency range was 10 - 50 kHz. Freestanding films were also produced. These 
were tested in a two compartment cell with the sample mounted between the 
compartments. Each compartment contained an auxiliary and reference electrode, giving 
a four electrode arrangement. Signal amplitude was 5 mV, with data being acquired in the 
frequency range 1Hz - 166 kHz. In addition to 3% NaCl, the freestanding films were also 
tested in 0.3% NaCl. The authors give no justification for this comparative test. 
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Gravimetric tests were also conducted for comparison, with water volume fraction 
calculated as: 
 
Φ =   (Ms - Mf)/ρw          (18) 
    Vc 
 
Where: 
  Ms is the mass of the coating at saturation; 
  Mf is the mass of the coating after drying; 
  ρw is the specific density of water; 
  Vc is the volume of the coating. 
 
Like Lindqvist181, Castela and Simoes found that the Brasher Kingsbury equation 
overestimated the water uptake when compared to gravimetric data. Their results show 
that their three equations each give a closer estimate than Brasher Kingsbury but the 
difference is still quite large. For example their results show that for a white PVDF film on 
a nickel substrate the volume fraction at saturation is approximately 3.25% when 
calculated using the Brasher Kingsbury equation, around 2% using their equations but 
<0.5% by gravimetry. It can also be seen from their data that their ternary system and 
simplified equation give a more accurate estimation than the binary equation, although the 
difference never appears to be greater than ~1%.  
 
The results for the freestanding PVC films show a greater difference between the 
estimated absorption values and those determined by gravimetry. Tests in 3% NaCl give a 
Brasher Kingsbury value of around 40%, the author’s equations each giving a figure 
around 25%, while gravimetry shows the water uptake to be approximately 1%. 
Absorption values obtained in 0.3% NaCl are included but no reference to this data is 
included in the text. It is apparent from the results that EIS estimates using the lower 
concentration solution give smaller values for absorption than the higher concentration 
solution. Perhaps more significantly, while the estimated values are lower in 0.3% NaCl, 
the gravimetry value is slightly higher than in the 3% solution. 
 
In their second paper183, Castela and Simoes extended their model and dispensed with 
their high frequency approximation to produce a generalized model. However, although 
the authors claim an improvement in the estimates produced using freestanding films with 
a low frequency equation, the results for applied films show that there is little improvement 
to be gained from adopting their generalized model. Although the authors do not state the 
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frequency ranges applied, any improvement must also be offset against the increased 
time required to obtain data with lower frequencies. 
 
2.5.3 EIS: Coating Delamination and Underfilm Corrosion 
 
Although water uptake measurements are a convenient first stage in the ranking of 
coating performance, EIS is capable of providing much more information regarding 
electrochemical activity occurring at the coating-substrate interface. Leidheiser184 
identified six types of corrosion which can occur under organic coatings: 
 
• Blistering: a phenomenon where local coating-substrate adhesive failure 
occurs. This can lead to the accumulation of water beneath the coating. Five 
causes of blister formation are proposed: volume expansion due to swelling, 
gas inclusion or gas formation, electroosmotic blistering and osmotic blistering; 
• Early rusting: Leidheiser refers to this as “measles-like rusting” which occurs 
after a coating has dried to the touch. The author gives three primary causes 
as thin latex coatings (<40 μm), low substrate temperature and high moisture 
conditions; 
• Flash rusting: the appearance of staining on blast-cleaned steel after 
application of a water based primer. Suggested by Leidheiser to be caused by 
crevices formed by the blasting media or by galvanic cells set up between any 
metallic blasting media remaining on the surface; 
• Anodic undermining: is the dissolution of a substrate under an organic coating, 
in circumstances where the substrate has been rendered anodic; 
• Filiform corrosion: thread-like filament corrosion occurring under an organic 
coating, generally in humid conditions; 
• Cathodic delamination: when an organic coating is damaged or defective, the 
cathodic reaction H2O + 1/2O2 + 2e- => 2OH- can occur under aerated 
conditions. The formation of hydroxyl ions generates a highly alkaline 
environment which leads to both dissolution of oxide and attack of the polymer 
at the delamination front. 
 
In another paper, Leidheiser185 comments on the correlation between high organic coating 
(electrical) resistance and good corrosion protection. The author states that when the 
resistance of a coating falls below 107 Ω/cm2 of measured surface area, “…corrosion is 
occurring at a rate one should be concerned about…” This, however, is an example of 
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how impedance spectroscopy has been used to demonstrate that the case is more 
complex than Leidhesier suggests. Van Westing158 performed EIS tests on unpigmented 
epoxy coatings applied to proprietary mild steel panels. Although the author initially fitted 
EIS data with a Randles circuit, this was replaced with a resistor in series with a single 
CPE. Presumably this is acceptable, as the response of the resistor is not frequency 
dependent. It was found that although the impedance, which is equivalent to the DC 
measurement of resistance, remained high and the capacitance changed due to water 
uptake as described in Section 2.5.2.1, the CPE parameters, Y0 and n, exhibited a marked 
change in value after approximately 400 h. This corresponded to the first appearance of 
corrosion spots, observed under an optical microscope. The researchers suggest that 
when loss of adhesion occurs, due to non-homogeneous network formation or incomplete 
curing of the polymer, water and ions can diffuse more easily and interact more easily with 
polarizable groups within the polymer. While this is not perceptible in terms of the 
capacitance, it does have an effect on the CPE parameters. It has been summarized that 
Y0 reflects the total polarizability and n a measure of the interaction between the 
polarizable groups186. 
 
Rammelt and Reinhard, however, have found that, with certain systems, there is a change 
in the impedance at low frequencies, observed on a Bode plot. They do not show the 
phase angle on their plots so it is unclear if there are any capacitance effects, but the 
impedance at low frequency is a measure of the resistive component of the coating 
response. This implies that they concur with Leidheiser’s opinion that the performance of 
the coating can be determined by its resistance. Piens and Verbist157, however, suggest 
that the resistance of the coating film can only provide qualitative information and that only 
the charge transfer resistance (i.e. the measure of corrosion activity occurring at the 
coating/substrate interface) will give a true measure of the effectiveness of the coating. 
Another method used by researchers is that of breakpoint frequency, fb187-192, defined by 
Kendig and Scully167 as the frequency where the contribution from the coating resistance, 
Rf and the coating capacitative impedance are equal and the phase angle equals 45o. 
This is shown in figure 2.33. Mansfeld and Tsai188 use the following equation to describe 
the phenomenon, assuming the equivalent circuit shown in figure 2.27b: 
 
fb = 1/2 π RfCf = (1/2 π Rf0Cf0) Ad/A = f0bAd/A = f0bD     (19) 
 
Where: 
 
D = Ad/A = fb/f0b          (20) 
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D is the delamination ratio, with D = 1 corresponding to a fully delaminated coating. f0b is 
the break point frequency corresponding to a delaminated coating and is calculated using 
the equation: 
 
f0b = 1/2 π εε0ρ         (21) 
 
 
Figure 2.33 Breakpoint Frequencies for Equivalent Circuit Shown187 
 
The disadvantage of this, acknowledged by Mansfeld and Tsai, is that the value of f0b will 
be affected by changes to the value of ε and ρ, which will increase and decrease 
respectively during exposure. To overcome this the authors proposed, in a second 
paper189, that the ratio fb/fmin could be adopted. However, the publication of their first 
paper188 led to a discussion with Kendig193 on the validity of their apparent assumption that  
Rf only contributes to the impedance of the test specimen in delaminated regions of the 
coating (from their equation Rf = R0f/Ad188). Kendig argues that, if this is the case, then Rf 
must be minimized for situations where total delamination has occurred. However, 
Mansfeld and Tsai have included in their paper a graph showing Rf values for freestanding 
films showing that this is clearly not the case. In response, Mansfeld and Tsai argue that 
their paper states that Rf will be affected not only by changes in Ad but also in ρ. This, they 
assert, can explain the apparent discrepancy, because for a freestanding film, ρ will 
remain constant for long periods, but it will be affected by the development of corrosion 
products under a coating applied to a metal substrate. 
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Van der Weijde, et al.194 compared the technique of measuring breakpoint frequency with 
the most probable impedance equivalent circuit (MPI) method. They argue that the 
equivalent circuit adopted by authors using the breakpoint frequency method is 
inappropriate for many situations and also that it can sometimes be difficult to distinguish 
breakpoints if the time constants are closely spaced. Instead, they propose developing a 
series of equivalent circuits describing different electrochemical behaviour. These, they 
state, can then give a qualitative indication of the onset of delamination. 
 
These discussions clearly highlight one of the problems with EIS as an analytical 
technique. The problem is that while it is simple to acquire data, interpreting it and 
assigning observed phenomena to specific electrochemical activity is more complex and 
can sometimes be a source of disagreement between researchers. 
 
2.5.3.1 Defective Coatings and Accelerated Tests 
 
Although measurements of water uptake by coatings can be taken in the first few days 
after immersion to give a ranking of their relative performance, many researchers gather 
data over longer time periods. Data acquired over a period of around one year can be 
found in the literature164. Inevitably, means of accelerating the deterioration of a coating 
have been investigated. These generally involve deforming or damaging the coating, thus 
also usefully modelling service conditions. Coil coatings have been found to be particularly 
susceptible to cut-edge corrosion and corrosion arising from deformation of the coating 
during forming processes. The latter has been studied by several researchers162,166,195-197.   
 
Bastos and Simoes195 investigated uniaxial elongation as a means of deforming their 
samples. Their specimens were zinc electroplated steel panels which were phosphated 
and coated with a 5 μm polyester primer and a 15 μm ‘intercoat’. They did not apply a 
topcoat, stating that they wished to accelerate the corrosion process. EIS tests were 
performed by gluing PMMA tubes to the surface and filling them with 5% NaCl. Spectra 
were then obtained between 5 mHz and 50 kHz with 10 mV perturbation. Equivalent 
circuit fitting was carried out using the circuit given in figure 2.27b.  
 
It was found that for all samples, both unstrained and strained up to 19% elongation, the 
initial behaviour was purely capacitative. This indicates an effective barrier coating. With 
the unstrained sample, the authors found that this was maintained for several days, 
whereas the strained samples showed resistive behaviour at low frequency after only one 
day. Electron microscopy of the samples led the researchers to conclude that the 
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deterioration in corrosion protection they observed with increasing elongation was due to 
defects forming at the interface between the polymer and pigment particles. This then 
allowed the electrolyte to reach the substrate.  
 
Deflorian, et al.196 deformed samples with a cylindrical mandrel or with an Erichsen 
cupping tester, used to simulate deep drawing processes. This produces a dome-shaped 
protrusion in the sample, the extent of deformation being defined by the dome height. The 
two deformation techniques subject the samples to uniaxial and biaxial strain, respectively 
and fitted to the equivalent circuit shown in figure 2.34. 
 
 
 
Figure 2.34 Equivalent Circuit Used to Model Deformed Coating196 
 
The authors state that Qc and Rp represent the high frequency response, attributable to 
the organic coating, Qdl and Rct the low frequency response dominated by the metal 
substrate and Qpi and Rpi the influence of pigment factors occurring at intermediate 
frequencies. The authors do not state whether the equivalent circuit has been determined 
from an assessment of the probable situation or arrived at empirically. 
 
It was found that the EIS data was comparable for the uniaxially and biaxially strained 
samples and the authors therefore concluded that practical considerations should dictate 
which method of deformation to use. This, they argue is the Erichsen cupping test 
method, as a polymeric tube can simply be glued over the deformed area to contain the 
electrolyte. 
 
Fedrizzi, et al.162 also deformed samples with an Erichsen cupping tester. However, they 
further degraded their specimens by exposing them to UV radiation. A glass cylinder was 
then glued on to the surface of the samples to form a cell into which a 0.3% Na2SO4 
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electrolyte was added. The sample, along with the cell were then heated to 95o C and held 
at this temperature for 4 h before cooling to room temperature. This they found, using EIS, 
to be a critical factor in the performance of the coating, with UV exposed samples 
exhibiting much greater blistering and delamination after cyclic thermal weathering. 
However, it is notable that the researchers did not test a control sample which had not 
been subjected to the thermal cycling. 
 
One consequence of utilising coil coatings is that the coated strip may be in storage for 
some time before it undergoes forming processes. Castela, et al.166 investigated the effect 
of ‘ageing’ on the subsequent corrosion protection. The researchers tested polyvinylidene 
fluoride (PVDF), polyvinyl fluoride (PVF) and polyester coatings which had been subjected 
to either cyclic UV/ humidity or condensation exposure over 240 and 480 hours 
respectively. They assert that UV irradiation causes breakdown of chemical bonds, while 
condensation generates hydrothermal stresses in the pores of the polymer. The 
researchers aged the samples prior to deformation with an Erichsen cupping tester. In 
this, their work differs from that of Fedrizzi, et al.162, who aged the samples after 
deformation to simulate deterioration in service.  
 
Castela, et al.166 also estimated the water uptake of the coatings by measuring their 
capacitance. The water uptake was found to be greater for the PVDF coatings compared 
to the PVF coatings.  After 28 days immersion, the unstrained samples were found to 
have a low water uptake. With no strain, the condensation aged samples displayed a 
slightly higher uptake than the UV aged and unaged samples. However, with a dome 
height of 4 mm the UV aged samples had the highest water uptake, with the condensation 
aged samples also showing increased uptake. At 7 mm dome height, the uptake of both 
the unaged and condensation aged samples remained relatively steady while that of the 
UV aged sample increased further. The authors attributed this to a reduction in crosslink 
density and an increase in brittleness after UV degradation. Comparison between these 
results and those obtained by Fedrizzi, et al. suggest that UV degradation has a negative 
effect on the coatings, regardless of whether they are exposed before or after forming. 
 
Oliveira and Ferreira198 assert that the capacitative information regarding coatings cannot 
be directly correlated with corrosion protection. Despite this justification for their research 
into thermal acceleration for coating degradation, the authors have still used this approach 
to assess their samples. The samples were either heated in steps over a period of days or 
heated to either 50 or 70o C from the beginning of the test. After 14 days at room 
temperature the degradation of the films is still not perceptible, according to the authors. 
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However, after 14 days at 70o C impedance spectra show that the phase angle is 
decreasing at low frequencies. Oliveira and Ferreira attribute this to increasing mass and 
associated charge transport at higher temperatures, leading to greater electrolyte ingress. 
 
In a second paper, the same authors consider EIS testing of coatings which have been 
scratched before being immersed for 50 days in a 3% NaCl electrolyte199. In their previous 
work198, the researchers had found that their EIS data had disagreed with their salt spray 
corrosion data, with two particular samples being reversed with regards to their corrosion 
protection. Testing the same samples in a scribed state, it was found that the EIS data 
now agreed with that obtained by salt spray. 
 
Souto, et al.200 cathodically polarized coil coated samples to accelerate their deterioration. 
The two polarization conditions investigated were intended to simulate connection to an 
aluminium or magnesium sacrificial anode. It was found that polarizing to -1.522 V, 
measured against a saturated calomel reference electrode (SCE) accelerated the 
cathodic delamination of the films and hence allowed data to be derived within 20 days of 
immersion in a 3% NaCl electrolyte. 
 
In some cases, defective coatings can produce complex impedance data which is difficult 
to interpret and does not conform to the usual equivalent circuits shown in figure 2.27. 
Scantlebury and Sussex201 studied 60 μm coal tar epoxy coatings in which a pinhole was 
deliberately made before conducting impedance tests. The spectra obtained 20 minutes 
and 18 h after damaging the coating are shown in figure 2.35. 
 
 
Figure 2.35 Pinhole in Col Tar Epoxy After 20 Minutes (o) and 18 h (x)201 
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After 20 minutes, two semi-circles can be seen, connected by a loop. The high and low 
frequency semi-circles were attributed to corrosion occurring at the base of the pinhole 
and diffusion respectively. The researchers could not be certain as to the cause of the 
loop but speculated that it was due to either potential drift or an adsorption process. After 
18 h this loop had disappeared but the authors were still unsure as to its significance. 
They surmise that if it was due to potential drift, 18 h should be sufficient time for a stable 
potential to develop and if it was due to adsorption, then active adsorption sites would also 
probably have been blocked after 18 h. 
 
It can also be seen that the spectra has shifted further along the Z' axis after 18 h and that 
the time constant of the high frequency semi-circle, as denoted by the frequency value at 
the highest point on the semi-circle, has changed. This change in the time constant could, 
according to the authors, be caused by corrosion products blocking the pinhole or 
covering the bare steel and slowing the corrosion process. The work of Scantlebury and 
Sussex demonstrates how the analysis of impedance data is not always simple and that 
some features of the spectra could be caused by different phenomena. 
 
2.5.4 Corrosion Protection and Nanocomposite Coatings 
 
In the discussion on nanocomposites and the applicability of such technology to coatings, 
mention was made of the potential benefits of nanocomposite coatings for corrosion 
resistance64,83,84,117,118. Although mention was made of the technique of impedance 
spectroscopy, it is more appropriate to deal with the data now, having reviewed the 
background to the technique. 
 
Chen, et al.64 added organoclay to Epon 828 epoxy resin to produce nanocomposites 
which were applied to aluminium substrates. EIS tests were performed between 0.05 Hz 
and 100 kHz in dilute Harrisons solution (0.05% sodium chloride and 0.35% ammonium 
sulphate) after 1 h, 24 h, 1 week and 1 month immersion. Unfortunately, the researchers 
seem to have passed over their impedance data with very little discussion. A Bode plot 
shows the modulus of impedance for an unmodified epoxy and epoxy containing 0.5 wt.% 
organoclay after 24 h immersion. The results are very similar, with more scattering of the 
data points at low frequency in the case of the nanocomposite coating. The authors 
attribute this to the relatively short immersion time, suggesting that the samples will 
stabilize after longer immersion. However, they do not present any data to support this. 
They conclude from their impedance spectra that the clay has produced a ‘slight 
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improvement in barrier properties’, although they concede that their results are not very 
conclusive. 
 
Hang, et al.83 also studied epoxy/organoclay coatings but on carbon steel substrates. 30 
μm thick epoxy coatings were produced containing 2, 3.5 and 5 wt.% ATMP-modified clay 
but only those containing 2% clay were subjected to EIS experiments. Samples containing 
2% unmodified clay were also tested to elucidate the benefits of organically modifying the 
clay. Impedance tests were performed on an area of 28 cm2, in 0.5 M NaCl solution. An 
applied potential of 30 mV peak-to-peak was adopted and the frequency range was 100 
kHz to ‘a few mHz’.  
 
The first tests, after 7 days immersion, already showed two semi-circles, indicating the 
onset of underfilm corrosion for all coatings. From their Nyquist plots, the unmodified 
coating appears to have a coating resistance value of around 50 kΩ.cm-2 after 7 days 
which increases to around 100 kΩ.cm-2 after 56 days. Although this increase in resistance 
seems unusual, it could simply be caused by experimental error. The corresponding 
values for the coating containing the unmodified clay are 14000 kΩ.cm-2 and 3500 kΩ.cm-
2. Although both values are higher than for the unmodified epoxy, it is clear that the 
performance of the coating deteriorates considerably during exposure to the electrolyte. 
The coating containing ATMP-modified clay has a coating resistance of around 17000 
kΩ.cm-2 after 7 days and around 16000 kΩ.cm-2 after 56 days. Not only are these values 
higher than for the coating containing unmodified clay but they also remain more 
consistent. The impedance data for organoclay coatings produce Nyquist plots with 
depressed semi-circles. The authors conclude that this is caused by the ATMP molecules 
but the depression of the semi-circles below the axis could be caused by coating 
heterogeneity. 
 
In addition to adding a layered clay to the coating, Yeh, et al.84 adopted a siloxane 
modified epoxy, which they claimed would produce a more hydrophobic coating. 
Unmodified epoxy siloxane coatings were compared to similar coatings containing 1 and 5 
wt.% organically modified layered silicate clay. Electrochemical tests, conducted in 5 wt.% 
NaCl solution, included polarization scans and measurements of open circuit potential 
(Ecorr) in addition to EIS. However, the published results seem to have been acquired after 
30 minutes immersion which does not seem a sufficient length of time for the systems to 
stabilize. Mention is made of further tests after 5 h but no data is given. 
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Figure 2.36 Nyquist and Bode Plots Showing (a) Uncoated Substrate; (b) 
Unmodified Epoxy Siloxane Coating; (c) Coating + 1 wt.% Organoclay; (d) Coating + 
5 wt.% Organoclay84 
 
The Nyquist plots for the various samples (figure 2.36) show exceptionally neat semi-
circles which fit very well to a Randles equivalent circuit. However, the Nyquist plots do 
not seem to correspond very well to the Bode plots. The Bode plot for the uncoated 
substrate shows a relatively stable value of |Z| at high frequency, followed by a linear 
increase in |Z| with decreasing frequency, which appears to be reaching a plateau at the 
low frequency end of the spectrum. This behaviour concurs with that shown in figure 2.30. 
However, for the coated panels, there is a change in the slope of the line at around 1 kHz 
and at the high frequency end of the spectra, |Z| does not appear to attain a stable value. 
As this high frequency portion should represent the solution resistance, it is reasonable to 
assume that its value should be similar to that for the uncoated sample. The low 
frequency |Z| values should give the coating film resistance, which should correlate with 
the Z' intercept of the Nyquist semi-circle, which does not appear to be the case. 
 
The authors also conducted polarization scans of the samples. Although they have quoted 
polarization resistance values (Rp), it is not clear what significance the values have in this 
context. The frequency dependent nature of organic coating behaviour was mentioned in 
Section 2.5.2. Piens and Verbist157 compared AC and DC techniques and also question 
the relationship between the coating resistance and Rp obtained from DC techniques. 
They state that Rp can comprise contributions from ionic coating resistance, charge 
transfer resistance and diffusion resistance and that charge transfer resistance is the only 
attribute directly related to the corrosion of the metal substrate. The Rp values quoted by 
Yeh, et al.84 certainly do not correspond to the coating resistance values from the EIS 
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experiments. There also does not appear to be a pattern, with some Rp values lower than 
the Rf values and some higher. They have also calculated Icorr values from their 
polarization data, although Piens and Verbist state that Rp is ‘unrelated to the corrosion of 
the metal support’157. The Icorr values certainly suggest that the clay significantly reduces 
the corrosion current, from 0.5817 μA.cm-2 for the unmodified epoxy to 0.0298 μA.cm-2 for 
that containing 5 wt.% clay. They have also calculated corrosion rates in mm/year but 
again this seems an irrelevant value, as the corrosion rate will be controlled by diffusion 
through the coating. 
 
Zhang, et al.117 modified epoxy coatings with titanium nanoparticles rather than layered 
clays. Any benefit in corrosion resistance of such coatings would be due to a different 
mechanism than the clay nanocomposite coatings, in which the high aspect ratio of the 
clay is thought to create a more difficult pathway for the diffusion of water and ions 
through the coating. Coatings containing 0, 5, 10 and 20 wt.% nano titanium were tested 
in 3.5 wt.% NaCl solution. A 20 mV sinusoidal potential was applied from 105 -10-2 Hz. 
Spectra were obtained after 0.5 h and then at 24 h intervals. 
 
A Nyquist plot of the unmodified epoxy coating after 0.5 h shows a small semi-circle with 
what appears to be a Warburg diffusion tail. After 1 day, this has changed to two 
overlapping semi-circles, indicating that underfilm electrochemical activity is discernible. 
At 5% nanoparticle loading, the 0.5 h Nyquist plot suggests that the coating has a very 
high resistance and its behaviour is almost purely capacitative. The next spectra, acquired 
after 3 days, has the beginning of a second semi-circle at low frequency suggesting that 
the initial performance of the coating is not sustained for a long period. As with the work of 
Yeh, et al.84, it could be that 30 minutes immersion is not a sufficient period of time before 
commencing experiments. After 8 days immersion, the Nyquist plot has become so small 
that, on the scale adopted by the researchers, it is impossible to know what type of 
behaviour is being exhibited by the coating or to determine any numerical values. With 
10% titanium, the authors continued to test the samples to 280 days immersion, at which 
time there was still a small double semi-circle visible. The authors state that after 27 days 
a 'short line' appears at the low frequency end of the semi-circle, which does not form a 
second semi-circle until 280 days immersion. The implication from this is that the 
underfilm electrochemical activity does not begin until 280 days. However, it is more likely 
that what appeared initially as a tail on the semi-circle was actually the second semi-circle 
but that it was at lower frequencies than the researchers were investigating. Interpretation 
of the data and comparisons between samples is made more difficult because different 
scales have been used for the axes of all the plots.  
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By fitting the data to equivalent circuits, the authors obtained values for the coating 
resistance, which they plotted over time. What is apparent from the data is that during the 
first 40-60 days of immersion, the resistance values fluctuate to such a great extent that it 
is difficult to observe trends to differentiate between the samples. However, at longer 
immersion times the coating containing 10% nano titanium has the highest coating 
resistance. The authors also found that the 10% coating also had the lowest breakpoint 
frequency. Their EIS data agrees with their salt spray corrosion testing which also 
suggested that 10 wt.% nanoparticles added to the coating would provide the greatest 
improvement in corrosion resistance. 
 
Researchers adding carbon black nanoparticles to organic coatings118 only made cursory 
reference to their impedance tests, which they used to confirm the findings of their salt 
spray corrosion tests. Coatings containing nano carbon were tested in 3.5 wt.% NaCl from 
105 - 10-2 Hz with an applied potential of 5 mV. The authors do not state how long the 
samples were immersed prior to testing and they include only a Bode plot showing the 
modulus of impedance. However, the graph shows that the nanocomposite coatings have 
a higher film resistance than the unmodified coating. The resistance increases with 
increasing particle content to 1 wt.% loading and then drops again for 1.2 and 1.3 wt.%. 
The authors additionally comment that the high frequency part of the spectra corresponds 
to the coating capacitance, rather than solution resistance as is generally accepted. Had 
the researchers included a Bode plot showing the phase angle, it would have been 
possible to confirm whether or not there were any capacitative effects at high frequency.
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CHAPTER 3 EXPERIMENTAL PROCEDURE 
 
3.1 Introduction 
 
This chapter provides details of the materials used and their processing, along with details 
of the characterization techniques used. In addition to EIS, which was reviewed in Chapter 
2, an extensive range of analytical procedures was used throughout the project. However, 
as these techniques are fully described in the literature, only the specific details of how the 
tests were conducted are included in here.  
 
The intention of this study was to investigate the modification of existing Henkel systems 
to produce novel nanocomposite coatings. Because of this requirement, commercially 
available Henkel products were utilized throughout. As hot-dip galvanized (HDG) steel has 
been extensively adopted by the coil coating industry, HDG steel panels were used for 
this study. These were again supplied by Henkel to their specification. Batches of HDG 
panels were supplied either in the temper rolled condition or non-temper rolled, depending 
on the test being performed. 
 
Before commencing application of the organic coatings, it was necessary to establish a 
cleaning process which gave a satisfactory surface on to which the coatings could be 
applied. The effectiveness of the cleaning process was determined by its performance in 
three aspects: 
 
1. removal of contaminants from the surface; 
2. degree of surface etching performed by the process; 
3. effect of cleaning on corrosion resistance. 
 
The techniques used to assess these attributes will be discussed in more detail later in 
this chapter. 
 
Having identified a satisfactory cleaning process, unmodified primer coatings were applied 
to the HDG panels. The coated samples were subjected to numerous tests which 
provided a benchmark by which the modified coatings could be assessed. The primer 
formulation was then modified by the addition of nanoparticles, such as those discussed in 
Chapter 2. The effect of particle type and loading were investigated and consideration was 
also given to some of the variables surrounding the dispersion process. Tests were then 
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performed on these coatings, with the information from the unmodified coatings providing 
a point of reference. 
 
3.2 Sample Production 
3.2.1 Materials 
 
Sample panels used were 0.7 mm thick HDG steel panels measuring 200 mm x 100 mm. 
The majority of tests were performed on samples which had not been temper rolled but 
the surface texture of these panels rendered them unsuitable for contact angle 
measurements and so temper rolled panels were used for these tests. Two aqueous 
alkaline cleaning solutions were supplied by Henkel, from their commercially available 
range. The first was Ridoline 1340 (pH 9.4). This cleaning solution is used at the Henkel 
laboratories, being applied by a spray process. The second was Ridoline C72, which is a 
more alkaline solution (pH 12.0). The need to investigate this second cleaner arose 
because the same spraying technique used by Henkel could not be applied in this project 
due to the bespoke nature of the equipment.  
 
The organic coating which was applied to the cleaned panels was an aqueous acrylic 
dispersion primer formulation, supplied by Henkel KGaA. This is referred to throughout 
this study by its formulation code, 51016. Due to the commercial nature of this product, 
little data was available regarding its composition. However, it was known from the safety 
data sheet to be an aqueous dispersion of acrylic acid ester copolymers and to be a self-
crosslinking dispersion.  
 
Commercially produced organically modified layered silicates were supplied through 
Henkel by Laviosa Chimica Mineraria. Three different types were obtained for appraisal, 
as detailed in table 3.1.  
 
Dellite 43B incorporates a different ammonium compound to Dellite 67G or 72T. Dimethyl 
benzylhydrogenated tallow ammonium is a larger molecule than dimehtyl dehydrogenated 
tallow ammonium, which may have a bearing on the interlayer spacing202. Although Dellite 
67G and 72T are modified with the same ammonium salt, 67G has a higher content of the 
modifier, as shown by the greater loss on ignition. 
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Product 
Name 
Clay Ammonium Salt Particle 
size (μm)* 
Platelet 
size 
(nm)* 
Loss on 
Ignition 
(wt.%)* 
Dellite 43B Montmorillonite Dimethyl 
benzylhydrogenated 
tallow ammonium 
7 – 9 1 x 500 32 - 35 
Dellite 67G Montmorillonite Dimethyl 
dehydrogenated 
tallow ammonium 
7 – 9 1 x 500 43 – 48 
Dellite 72T Montmorillonite Dimethyl 
dehydrogenated 
tallow ammonium 
7 - 9 1 x 500 37 – 41 
*Manufacturers data 
Table 3.1 Commercially Supplied Layered Silicate Clays 
 
The dispersion and exfoliation trials using modified clays in the primer were repeated with 
an unmodified sodium bentonite clay supplied by Steetley (trade name GWB Wyoming 
Bentonite). In addition to these cationic clays, an anionic layered double hydroxide clay 
was also incorporated into the primer. These materials were investigated because 
presence of interstitial anions may offer the potential for an ion exchange reaction to occur 
with, for example, chloride ions thus engendering effective corrosion inhibition. The 
chosen material was synthetic hydrotalcite (magnesium aluminium hydroxycarbonate), 
supplied by Sigma Aldrich. The accompanying datasheet gave the chemical structure as 
Mg6Al2(CO3)(OH)16.4H2O. 
 
In addition to the layered clay-type additives, titanium dioxide powder, grade PC500, was 
supplied by Millennium Chemicals. This consists of 5-10 nm anatase titanium dioxide 
crystallites which agglomerate to form particles having an average size in the range 0.6-
2.2 μm. 
 
3.2.2 Sample Preparation 
3.2.2.1 Cleaning Process 
 
As mentioned in Section 3.2.1, the spray process used by Henkel in their laboratories 
could not be adopted for this study. Instead, sample panels were immersed in the 
cleaning solutions and agitation by magnetic stirrer and ultrasonics were investigated.  
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Solutions were as follows: 
 
• 20 g/l Ridoline 1340 or Ridoline C72; 
• 1 g/l Emalan surfactant; 
• Operating temperature 75o C +/- 3o C. 
 
The solutions were produced using deionized water and, in addition to the Ridoline, 
Henkel Emalan surfactant was incorporated to assist removal of contamination from the 
sample surface. Following cleaning, the samples were rinsed with deionized water and 
dried in an oven. In addition to considering two different means of agitation, the effect of 
various immersion times between 30 s and 10 min was investigated. 
 
3.2.2.2 Organic Coatings 
 
The 51016 primer resin was applied using a 5 μm drawdown rod and the samples were 
then dried for 1 minute in an oven at 80o C. The method of application of both unmodified 
and nancomposite coatings was identical. Initial experiments into the production of 
nanocomposite coatings involved the platelet-type clays. The successful production of 
nanocomposite films incorporating such materials requires not only dispersion of the clay 
within the polymer but also exfoliation of the individual platelets. Without the latter, the 
clay will behave as a conventional composite additive, as discussed in Section 2.4. 
Variables which will influence the exfoliation and dispersion of the particles include: 
 
• factors related to the clay, including compatibility with the polymer and interlayer 
spacing; 
• mixing method; 
• mixing time; 
• temperature (not applicable here as the coating is heat cured). 
 
Two different mixing methods were investigated, both of which are discussed in Section 
2.1.2.2: rotational stirring and ball milling. Stirring trials were performed using a rotary 
mixing blade, representative of a type used in the organic coatings industry.  
 
With this method of incorporating the clay, the mixing speed is another variable which was 
considered. The mixing speed is determined by the linear velocity at the tip of the mixing 
blade. According to the manufacturer of the blade, Conn and Co., this would typically be 
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around 5000 feet/min (25.4 ms-1)203. This is achievable with larger diameter blades used 
industrially but with the 2 inch (50.8 mm) diameter blade used, a shaft speed of 10000 
rpm would be required. However, the manufacturer advised against operating the blade at 
this speed203.  
 
Initially, a stirring speed of 1000 rpm was adopted, giving a tip velocity of 2.7 ms-1. At this 
speed, two mixing times were chosen, 2 h and 24 h. This allowed the differences between 
a ‘short’ and a ‘long’ stirring time to be assessed. It was decided to repeat the experiments 
but with a mixing speed of 5000 rpm (13.3 ms-1). However, it was found that after around 
10-15 minutes the paint started to cure, presumably due to heat generated by the 
shearing action of the blade. To overcome this, the beaker in which the paint was being 
mixed was placed into a shallow container packed with ice. This, in turn, was placed into a 
container of cold water. With this arrangement it was possible to stir the paint for longer 
but nevertheless a stirring time of 30 minutes was used to minimize the likelihood of the 
problem reoccurring. 
 
Samples were produced by ball milling the clay and paint to compare the effectiveness of 
this method to stirring. The appropriate amount of 51016 resin and clay were put in a 
ceramic ball mill pot along with the grinding media which consisted of a number of alumina 
spheres of different diameter. The number and size of spheres appropriate for the ball 
milling pot was determined by the supplier, Capco Ltd. Coating formulations were ball 
milled for 2 h, as microscopy of the coatings suggested a satisfactory dispersion could be 
obtained after this time. 
 
Regardless of the mixing method, it was found that there was a tendency for the resin to 
foam, a phenomenon which is frequently observed in waterborne coating systems. To 
overcome this, the mixed paint was poured into a beaker and then put in a desiccator and 
subjected to vacuum conditions. The time required to remove the air from the paint 
seemed to be a function of the mixing method and particle loading. Rather than adopt a 
fixed time to de-gas the paint, it was therefore decided to use visual examination to 
determine a satisfactory time for each batch of paint. 
 
Samples of the hydrotalcite clay and PC500 titanium dioxide were also sent to Henkel, 
where batches of 51016 resin were modified by adding the powders using the bead milling 
dispersion method discussed in Section 2.1.2.2. These were produced for the purposes of 
assessing the degree of dispersion and so were subject only to SEM examination. 
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3.3 Analytical Techniques 
 
Numerous techniques were employed for the analysis of the samples, both the cleaned 
HDG panels and the coated specimens. Some techniques were applicable in both 
instances, as outlined in table 3.2. 
 
Sample Attribute Technique 
Cleaned HDG panels Surface cleanliness X-ray photoelectron spectroscopy (XPS) 
  Auger electron spectroscopy (AES) 
  Surface free energy (contact angle) 
 Surface morphology SEM 
  Profilometry 
 Corrosion resistance Neutral salt spray testing 
  Linear polarization resistance (LPR) 
Additive powders Particle size SEM 
 Water content TGA 
 Platelet spacing (where 
applicable) 
XRD 
Primer coated HDG 
panels 
Morphology and particle 
dispersion 
SEM 
  TEM 
  Focused ion beam scanning electron 
microscope (FIBSEM) 
 Platelet spacing (where 
applicable) 
XRD 
 Wettability Surface free energy (contact angle) 
 Mechanical properties Multi-pass scratch test at constant load 
  Single-pass scratch test with increasing 
load 
  Nanoindentation 
 Corrosion resistance EIS 
  Neutral salt spray testing 
Table 3.2 Summary of Analytical Techniques Used During the Current Project and 
Their Application 
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3.3.1 Microscopy 
3.3.1.1 Scanning Electron Microscopy (SEM/FEGSEM) 
 
A LEO 1530VP field emission gun scanning electron microscope (FEGSEM) was used 
throughout this study as it provided the necessary resolution at high magnification for 
investigating the dispersion of the nanoparticles in the organic coatings. While studying 
the cleaning of the HDG panels, a secondary electron detector was used with an 
accelerating voltage of 20 kV. Images of the organic coated samples were acquired using 
both a secondary electron detector at an accelerating voltage of 5 kV and a backscattered 
electron detector with an accelerating voltage of 20 kV. The backscatter mode provides 
greater element contrast and information from the bulk of the sample. However, the 
required accelerating voltage led to damage of the coatings at higher magnification. 
Organic coated samples required a sputtered gold coating to render them conductive prior 
to examination. 
 
3.3.1.2 Focused Ion Beam SEM (FIBSEM) 
 
An FEI Nova Nanolab FIBSEM was used to study the dispersion of nanoparticles through 
the thickness of the coating. This was possible by cross-sectioning the coating using an 
ion beam to remove material. The ion beam is generated by passing liquid gallium through 
a field emission tip where it is ionized. 
 
Sectioning of the samples first required the deposition of a layer of platinum to protect the 
area of polymer which would form the cross section. An area of the coating measuring 20 
μm x 10 μm was then removed using the ion beam with a beam current of 7 nA. This 
produced a rough cross section which was smoothed in a two stage process, using first 
an ion beam current of 3 nA and finally 0.5 nA. Images detailing the sectioning process 
are reproduced in Section 4.2.1. The cross sections were examined using both an 
electron beam and ion beam in conjunction with a secondary electron detector. 
 
3.3.1.3 Transmission Electron Microscopy 
 
A JEOL JEM 2000FX TEM was used to produce images of the structures of some of the 
platelet-type clays investigated in this study. Additionally the TEM was used to study a 
51016 primer coating containing 3% w/w sodium bentonite. The sample was produced by 
curing the resin on a piece of Tygaflor, a woven fabric material with a non-stick polymer 
coating. Although this was intended to generate a freestanding film, it actually only 
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produced small fragments of cured coating. However, it was possible to mount these 
pieces of coating in resin and samples sufficiently thin to allow electron transmission were 
then cut with an ultramicrotome. No further samples were produced for TEM analysis due 
to the difficulties encountered in preparing freestanding films and the availability of the 
FEGSEM and FIBSEM for imaging. 
 
3.3.2 Compositional Analysis 
3.3.2.1 X-ray Photoelectron Spectroscopy (XPS) 
 
A benchmark for the performance of the cleaning procedures investigated was provided 
by using X-ray photoelectron spectroscopy (XPS) to examine the surface of a panel 
supplied by Henkel which had been cleaned in their laboratory by their spray cleaning 
process. Tests were conducted using a VG ESCALAB MkI with an AlKα X-ray source. The 
anode voltage was 10 x 103 V, while the filament current was 20 x 10-3 A. Theoretically 
derived relative sensitivity factors were used for quantification purposes. 
 
3.3.2.2 Auger Electron Spectroscopy (AES) 
 
Auger electron spectroscopy (AES) was conducted using JEOL JAMP-7100 operating 
with a primary beam energy of 10 x 103 eV with a spot size of 100 μm2. Compositions 
derived from the spectra were based on relative sensitivity factors including ZnO powders 
in In foil. Depth profiles were acquired by etching the sample with Ar+ ions with a primary 
beam energy of 3 x 103 eV and current density of around 50 x10-6 A.cm-2. 
 
3.3.2.3 Energy Dispersive X-ray Analysis (EDX) 
 
EDX analysis was performed using the Leo 1530VP FEGSEM described in Section 
3.3.1.1. An accelerating voltage of 20 kV was adopted and the technique allowed 
elemental analysis of both specific points and areas of the samples. The software 
package was capable of producing element ‘maps’ of areas on the sample surface with an 
overlay function which allowed a complete picture of the element distribution to be 
derived.  
 
3.3.3 X-ray Diffraction (XRD) 
 
X-ray diffraction (XRD) was employed to determine whether the coatings containing 
layered clays exhibited a microcomposite, intercalated nanocomposite or exfoliated 
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nanocomposite structure. A diffraction pattern from the clay powder will exhibit a peak at a 
certain angle which can be related to the platelet spacing by the Bragg equation. A shift in 
this peak to lower 2θ values indicates an increase in the interlayer spacing, implying that 
the polymer has been intercalated. If the clay has been fully exfoliated, the lack of a 
‘stacked’ arrangement of platelets will result in no peak being visible. 
 
Tests were performed with a Bruker D8 diffractometer using Cu Kα X-rays. For the 
organically modified clays and the sodium bentonite, diffraction patterns were obtained 
between 1 and 10o. For the hydrotalcite powder, the diffraction peak lay outside this range 
and tests were conducted between 1 and 30o. The clays were tested in their powder form 
and also after being incorporated into the 51016 resin and coated on to an HDG panel. 
 
3.3.4 Thermogravimetric Analysis (TGA) 
 
Thermogravimetric analysis was used to determine the moisture content of the powders 
which were added to the organic coating. Tests were conducted using a TA Instruments 
2950 and the chamber was purged with nitrogen gas. Samples were heated from room 
temperature to 80o C at a heating rate of 10o C.min-1. This temperature was chosen as 
being representative of the conditions which would be experienced during the curing 
phase of a coating. The temperature was then kept constant to a total elapsed time of 35 
min. Although this greatly exceeded the curing time of the coating, it was felt that this 
would be sufficient to remove any water which might be present. 
 
3.3.5 Profilometry 
 
Information regarding the etching effect of the cleaners on the HDG panels was obtained 
by profilometry, using a Taylor-Hobson Talysurf 4 with Surtrace surface analysis software. 
The software package is capable of presenting a number of recognised parameters but 
the two which were considered were Ra and Ry. The latter is the largest peak to peak 
height over the evaluation length (L). Ra is given by: 
 
Ra = 1/L ∫0
L
 |y(x)| dx         (22) 
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The terms are defined graphically below: 
 
Figure 3.1 Calculation of Surface Roughness Parameter, Ra, From Profilometry 
Scan 
 
As shown in figure 3.1, L represents the evaluation length of the scan. For these 
experiments 4 mm was used. Figure 3.1 also shows how the evaluation length is split into 
five cut-off lengths (l1,l2,l3,l4 and l5). A 4 mm evaluation length gives a cut-off length of 0.8 
mm. The software uses these cut-off lengths to filter the data. 
 
3.3.6 Surface Free Energy Measurements 
 
Surface free energy calculations were used to assess both the effectiveness of the 
substrate cleaning process and the effect of nanoparticles additions on the wettability of 
the primer coatings. Tests were performed using the advancing drop contact angle 
method at several points on the surface of each sample. A Data Physics OCA-20 
apparatus was used, with deionized water and diiodomethane as the reference liquids. 
Contact angle values were exported into Microsoft Excel and surface energy values were 
calculated using the Owens-Wendt and Kaeble method204. 
 
3.3.7 Wear Testing 
 
Wear tests were performed using a Teer Coatings ST-3001 wear testing apparatus. Two 
types of tests were conducted: bi-directional, multiple pass tests at static load and single 
l1 l2 l3 l4 l5 
x 
L 
y 
x 
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scratch tests with increasing load. A 5 mm diameter chromium steel ball was used as the 
indenter for the former and a 1.5 mm tungsten carbide ball for the latter. 
A load of 5 N and linear velocity of 150 mm/min were adopted for the static load tests, 
which were initially conducted to 100 wear cycles. Duplicate tests were run and the data 
averaged. In order to further understand the wear behaviour of the coatings, tests were 
also performed with fewer wear cycles. For reasons which will be discussed in Section 
4.7, the samples containing hydrotalcite were tested to 20 cycles, while the samples 
containing titanium dioxide were tested to 40 cycles. Single scratch tests commenced with 
an applied load of 2 N, ending with a load of 60 N. The linear velocity of the indenter was 
10 mm/min. 
 
After testing, the samples were then gold coated and subjected to FEGSEM investigation, 
which included EDX analysis of the wear tracks to ascertain whether the organic coating 
and HDG layer had been penetrated. 
 
3.3.8 Nanoindentation 
 
Nanoindentation tests were performed to determine the hardness and modulus of the 
primer coatings. A Micro Materials Nano Test nanoindenter was used with a Berkovitch 
diamond indenter.  
 
After initial tests with an unmodified primer coating, the following parameters were 
decided upon: 
 
• depth controlled experiment, to 400 nm depth; 
• 0.02 mN/s load rate; 
• indenter held at maximum depth for 30 s; 
• indenter held at 80% unloading for 30 s. 
 
Several indentations were made on each sample and the data averaged. 
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3.3.9  Corrosion Resistance 
3.3.9.1 Neutral Salt Spray Corrosion Testing 
 
The ability of the organic coatings to provide corrosion protection of the HDG substrate 
was assessed by neutral salt spray corrosion testing to ASTM B117.  
The effect of cleaning the HDG panels with the two Ridoline cleaning solutions was 
determined by neutral salt spray corrosion tests to ASTM B117. After cleaning, samples 
were masked on one side and around the edges before commencement of the test. Test 
specimens were checked at 24 h intervals and visual examination of the corrosion of the 
HDG and the underlying steel performed. Samples were tested in duplicate. 
 
3.3.9.2 Linear Polarization Resistance (LPR) 
 
LPR tests were conducted on the cleaned HDG panels. This electrochemical technique 
generates numerical values of polarization resistance which can be used to produce a 
‘ranking’ of the corrosion resistance of the samples. Samples measuring 50 mm x 50 mm 
were cut from the HDG sample panels and then masked with adhesive tape, leaving an 
exposed area of 40 mm2. The samples were then immersed in 3% w/v NaCl solution for 
60 min before testing. Two samples were cut from two different panels, giving four tests in 
total.  
 
An EG+G model 263A potentiostat controlled by Electrochemistry Power Suite software 
was used to perform the experiments and a three-electrode arrangement was adopted 
with 80 mm2 platinum auxiliary electrode and saturated calomel (SCE) reference 
electrode. The potential range was -20 to 20 mV vs. SCE at a sweep rate of 10 mV min-1. 
The data acquired was exported into Microsoft Excel and plotted in graphical form, 
determination of the polarization resistance being achieved manually by drawing a tangent 
to the line where the current flow was zero and calculating the gradient of the line. 
 
3.3.9.3 Electrochemical Impedance Spectroscopy (EIS) 
 
Further information was obtained by conducting EIS tests over a period of 3 weeks. Scans 
were performed using an EG+G model 263A potentiostat and model 5210 lock-in amplifier 
with a potential perturbation of 10 mV rms. Tests were conducted in the frequency range 
50 kHz to 100 mHz with 10 points per decade of frequency after 1, 24 and 48 h and then 
after 1 and 2 weeks. A final test conducted after three weeks covered the frequency range 
50 kHz to 10 mHz with 5 points per decade of frequency. The reason for changing the test 
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parameters for the final impedance spectra was that data acquired in the low frequency 
range can provide additional information about electrochemical activity at the 
coating/substrate interface which is not necessarily apparent during the early stages of 
immersion. As stated in Section 2.5.1.1 data acquisition is slow at lower frequencies and 
would, with 10 points per decade of frequency, require a considerable test time. Taking 5 
points per decade reduces the time but this might lead to an unacceptable loss of 
resolution during the early stages of immersion.  
 
Samples were immersed in 3% w/v sodium chloride solution using a bespoke test cell 
which gave a working electrode area of approximately 3.14 cm2. A three electrode 
arrangement was adopted with two 40 mm2 platinum auxiliary electrodes connected in 
series to give a total area of 80 mm2, while a saturated calomel reference electrode (SCE) 
with potassium chloride salt bridge completed the experimental arrangement, which is 
illustrated in figure 3.2. Equivalent circuit modelling was performed using the Zsimp Win 
software package165. 
 
           
 
Figure 3.2 EIS Experimental Arrangement      
Connection to potentiostat 
Coated sample 
Reference electrode KCl bridge 
Platinum auxiliary electrodes 
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CHAPTER 4 RESULTS AND DISCUSSION 
 
The project consisted of two phases of experimental work and this is reflected in the 
structure of this chapter. A significant portion of the available time was devoted to the 
incorporation of nanoparticles into the organic coating formulation and an assessment of 
the effect on various attributes of the coating. However, an important preliminary step was 
the determination of a uniform, reproducible cleaning process for the hot-dip galvanized 
(HDG) substrate panels.  
 
4.1 Cleaning Process 
4.1.1 XPS Data 
 
Table 4.1 below shows the XPS data obtained from both an acetone degreased HDG 
panel and one cleaned by Henkel in their laboratory using Ridoline 1340 applied by spray.  
 
Sample Composition (at.%) 
C O Zn Al Cl Ca 
Acetone degreased HDG panel 80.7 13.6 0.9 1.9 1.7 1.2 
HDG panel cleaned in Henkel laboratory 26.6 42.6 4.2 3.3 21.8 1.4 
Table 4.1 XPS Data Showing Acetone Degreased and Henkel Cleaned HDG Panels 
 
The carbon and zinc values given in table 4.1 are of particular relevance. The carbon can 
be attributed to the oils existing on the surface of the panels in their as-received state or 
present in the atmosphere. Even after degreasing with acetone a considerable amount of 
carbon is present, while very little zinc is apparent. The Henkel laboratory cleaned panel 
displays both a reduction in the amount of carbon and a concurrent increase in zinc. As 
XPS is a surface sensitive technique, the remaining carbon could represent only a 
monolayer of contamination. However, an undesirable effect of the Henkel cleaning 
process is an apparent increase in oxygen. It could be that this is simply an effect of 
normalizing the data to 100%: as the carbon level decreases the concentration of other 
elements will increase accordingly. Another possibility is that the contamination on the 
surface of the panels reduces the rate of oxidation and hence once the panel has been 
cleaned, it will react more readily with oxygen in the atmosphere. In this respect, it is 
desirable to conduct the compositional analysis promptly after cleaning. Unfortunately, it is 
inevitable that some time will have elapsed between the cleaning of the panel in the 
Henkel laboratory in Dusseldorf and the analysis performed in Loughborough. 
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Another compositional change which has occurred as a result of the Henkel cleaning 
process is an increase in the chlorine content. This element, or a compound, could form a 
constituent of the Ridoline solution but, without further information regarding the solution 
chemistry, the cause cannot be determined conclusively. 
 
4.1.2 AES Data 
 
Analysis of the surface of the panels by AES allows the contaminants present on the 
surface of the as-received HDG panels to be identified, whilst also providing depth-
profiling capability to establish the thickness of any contaminant film. From this, the effect 
of each cleaning process could be determined. The AES data also allows zinc to carbon 
(Zn:C) ratios to be derived. As the presence of carbon will arise from surface 
contamination, these ratios provide information about surface cleanliness. An example of 
an AES scan from which the data is obtained is shown in figure 4.1. 
 
 
Figure 4.1 Example of an AES Scan from an HDG Panel Cleaned With Ridoline C72 
 
4.1.2.1 Zinc to Carbon Ratios 
 
Preliminary trials involved only the Ridoline 1340 solution and magnetic stirrer agitation. 
The effect of increasing the immersion time was considered, as was the method of drying 
the samples. Electric dryers can deposit contaminants (oils) on to the surface; these are 
present as lubricants in the motor. 
 
 
 
O
Cl 
C
Zn
Zn 
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Immersion Time 
(s) 
Zn:C Ratio 
(at.%) 
Average Comments 
0 0.45 0.33 As received HDG panels degreased with 
acetone 0 0.26 
0 0.28 
30 0 0 Dried at ambient temperature 
30 0 
30 0 
60 0.070 0.060 Dried at ambient temperature 
60 0.12 
600 0.38 0.42 Dried at ambient temperature 
600 0.87 
600 0.61 0.32 Dried using electric dryer 
600 0.36 
Table 4.2 Zinc to Carbon Ratios of Degreased and Ridoline 1340 Cleaned HDG 
Panels 
 
From the results displayed in table 4.2, it can be seen that increasing the immersion time 
increased the zinc to carbon ratio, as might be expected. Using a 30 s immersion, no zinc 
is apparent, its presence concealed by the carbon contamination overlayer. Increasing the 
immersion time from 60 s to 600 s has increased the Zn:C ratio by a factor of seven. The 
results show that it is also difficult to differentiate between the samples dried with the 
electric dryer and those dried in air. Although the average for the panels dried in air is 
slightly higher, the individual data suggest that a greater number of samples would need 
to be examined to arrive at a statistically reliable conclusion. The zinc to carbon ratios for 
the acetone degreased HDG panels are much higher than those presented in table 4.1. 
The difference could be caused by ineffective cleaning of the panel described in table 4.1. 
 
In a second series of trials, Zn:C ratios were determined from a wider range of samples, 
as displayed in table 4.3. The differences in Zn:C ratios between the acetone degreased 
panels in table 4.1 and 4.2 led to the adoption of an as-received panel as the benchmark 
for comparison. This overcomes the problem of how effectively the panel is degreased 
and is also more representative of the panels which are cleaned using the Ridoline as 
these are not solvent degreased.  
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Solution Immersion 
Time 
Zn:C Ratio 
(at.%) 
Average 
1340 30 s 0.256 0.393 
1340 30 s 0.530 
1340 60 s 0.138 0.149 
1340 60 s 0.160 
1340 600 s 0.358 0.347 
1340 600 s 0.337 
C72 30 s 0.785 0.788 
C72 30 s 0.646 
C72 30 s 0.933 
C72 60 s 0.638 1.42 
C72 60 s 2.15 
C72 60 s 1.71 
C72 60 s 1.18 
C72 600 s 3.28 3.25 
C72 600 s 3.21 
Table 4.3 Zinc to Carbon Ratios from HDG Panels Subjected to Ridoline Cleaning 
Processes 
 
The variability apparent in the results highlights the need for caution when interpreting the 
data, as previously discussed. However, the results do show that samples cleaned with 
the more alkaline Ridoline C72 solution exhibit a higher Zn:C ratio against comparable 
panels cleaned with Ridoline 1340 for all treatment times. The average Zn:C ratio for the 
samples cleaned for 600 s in Ridoline C72 is approximately ten times greater than after 
600 s immersion in Ridoline 1340. 
 
4.1.2.2 Compositional Analysis 
 
The AES experiments were completed by full compositional surface analysis of a range of 
cleaned and as-received panels as displayed in table 4.4. Ultrasonic agitation was also 
investigated as an alternative method of solution agitation. A problem which had to be 
considered with any immersion cleaning process was that any oils removed from the 
panels might re-contaminate them as the panel was withdrawn from the solution. This 
would not apply in the case of sample panels cleaned in Henkel laboratories where a 
spray application has been adopted. The technique devised to overcome this was to wash 
the panel with Ridoline heated to the correct operating temperature of 75o C and sprayed 
from a wash bottle after immersion. 
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Additionally, the depth profiling capability of the AES to etch the surface and provide 
information regarding the thickness and changes in composition of any surface 
contamination was exploited.  
 
As the XPS data, reproduced in table 4.1, had already revealed the presence of 
aluminium on the surface of the HDG panels, aluminium to zinc (Al:Zn) ratios were also 
calculated from the results. Aluminium is used in galvanizing to improve the fluidity of the 
molten metal and also to control the formation of the alloy layer between the steel and the 
zinc4. 
 
To examine the efficacy of rinsing the samples with heated Ridoline, panels which had not 
been immersed were sprayed with Ridoline 1340. The increase in the Zn:C ratio (table 
4.4) when compared to the as-received panels suggests that a useful improvement in 
cleanliness could be obtained. The comparison between samples cleaned using Ridoline 
C72 with ultrasonic agitation for 1 min both with and without a Ridoline rinse show that the 
supplementary rinse further improves the degree of surface cleanliness. 
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Cleaning 
Solution 
Treatment 
Time 
Ion 
Etch 
Time 
Agitation Composition (at.%) Zn:C Ratio Al:Zn Ratio Comments 
Average Average
S Cl C Ca O Zn Al P K N
None 0 s 0 s None 0.7 0.3 63.4 1.5 22.3 0.0 11.9 0.0 0.0 0.0 0 - - - As received HDG panel 
None 0 s 10 s None 0.7 0.9 47.1 1.5 24.4 6.8 18.6 0.0 0.0 0.0 0.144 - 2.74 - 
None 0 s 25 s None 1.2 0.0 44.4 1.4 30.1 4.9 16.9 1.2 0.0 0.0 0.110 - 3.45 - 
None 0 s 60 s None 1.2 0.9 38.4 1.8 33.3 5.3 19.0 0.0 0.0 0.0 0.138 - 3.58 - 
None 0 s 120 s None 0.9 0.0 32.6 2.7 39.1 5.7 18.9 0.0 0.0 0.0 0.175 - 3.32 - 
None 0 s 250 s None 1.0 0.0 25.9 2.4 46.0 5.7 19.0 0.0 0.0 0.0 0.220 - 3.33 - 
1340 0 s 0 s None 0.0 0.0 28.0 0.0 46.3 18.1 7.6 0.0 0.0 0.0 0.646 0.441 0.420 0.910 Sprayed with heated Ridoline 
1340 from rinse bottle 1340 0 s 0 s None 0.0 0.0 35.3 0.0 43.9 8.3 11.6 0.0 0.0 0.8 0.235 1.40 
1340 10 min 0 s Stirrer 0.5 0.3 38.0 2.0 43.2 5.7 7.6 2.7 0.0 0.0 0.150 0.199 1.33 1.03  
1340 10 min 0 s Stirrer 0.3 0.6 24.7 3.2 51.3 9.3 6.7 3.8 0.0 0.0 0.377 0.720  
1340 1 min 0 s Ultrasonic 0.0 0.8 12.7 0.7 63.6 8.3 10.9 2.3 0.6 0.0 0.654 0.655 1.31 1.28  
1340 1 min 0 s Ultrasonic 0.0 0.7 14.5 1.0 59.3 9.5 11.8 2.2 1.0 0.0 0.655 1.24  
C72 10 min 0 s Stirrer 0.0 0.4 2.4 0.0 57.0 40.2 0.0 0.0 0.0 0.0 16.8 11.9 0 0  
C72 10 min 0 s Stirrer 0.0 0.7 5.2 0.0 57.7 36.4 0.0 0.0 0.0 0.0 7.00 0  
C72 10 s 0 s Ultrasonic 0.0 0.0 25.8 0.0 42.0 31.6 0.0 0.0 0.0 0.6 1.22 1.02 0 0 Sprayed with heated Ridoline 
C72 from rinse bottle after 
immersion 
C72 10 s 0 s Ultrasonic 0.0 0.9 30.3 0.0 38.3 29.8 0.0 0.0 0.0 0.7 0.983 0 
C72 10 s 0 s Ultrasonic 0.0 0.4 32.0 0.0 39.6 27.3 0.0 0.0 0.0 0.7 0.853 0 
C72 30 s 0 s Ultrasonic 0.0 1.7 14.8 0.0 58.6 39.0 0.0 0.0 0.0 0.7 2.64 2.33 0 0 
C72 30 s 0 s Ultrasonic 0.0 3.7 14.2 0.0 50.7 30.7 0.0 0.0 0.0 0.7 2.16 0 
C72 30 s 0 s Ultrasonic 0.0 4.7 12.6 0.0 53.8 27.7 0.0 0.0 0.0 1.2 2.20 0 
C72 1 min 0 s Ultrasonic 0.0 6.0 32.0 0.0 38.9 21.3 0.0 0.0 0.0 1.9 0.666 3.10 0 0  
C72 1 min 0 s Ultrasonic 0.0 6.3 5.5 0.0 55.7 30.4 0.0 0.0 1.1 1.0 5.53 0  
C72 1 min 0 s Ultrasonic 0.0 0.5 3.1 0.0 53.4 42.6 0.0 0.0 0.4 0.0 13.7 10.7 0 0 Sprayed with heated Ridoline 
C72 from rinse bottle after 
immersion 
C72 1 min 0 s Ultrasonic 0.0 0.8 5.8 0.0 51.5 36.1 0.0 0.0 0.0 0.0 6.22 0 
C72 1 min 0 s Ultrasonic 0.0 0.8 3.6 0.0 51.5 44.1 0.0 0.0 0.0 0.0 12.3 0 
Table 4.4 Surface Analysis of HDG Panels
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4.1.2.3 AES Data Summary 
 
The two graphs shown in figures 4.2 and 4.3 summarize two of the significant findings of 
the AES experiments. In both cases, the Zn:C ratios presented are average values from 
the data acquired. 
 
As figure 4.2 shows, increasing the immersion time increases the Zn:C ratio, indicating 
that a cleaner surface is generated. The data shows that even after 10 min immersion in 
Ridoline 1340 with stirrer agitation, the Zn:C ratio is still lower than for C72 at shorter 
immersion times. The improvement in cleaning effectiveness with ultrasonic, as opposed 
to stirrer, agitation is also apparent.  
 
 
Figure 4.2 Effect of Cleaning Time on Zn:C Ratio for Ridoline Cleaned or Acetone 
Degreased HDG Panels 
 
Considering 1 min to be an acceptable immersion time, the Zn:C ratios for different 
cleaning trials are shown in figure 4.3. It can be seen that, whichever Ridoline solution is 
used, ultrasonic agitation improves the removal of contaminants from the panels. 
However, the Ridoline C72 gives a Zn:C value which, even with stirrer agitation, is 
comparable to the most effective Ridoline 1340 process. A post-rinse with heated Ridoline 
increases the Zn:C ratio still further, implying that, as previously suggested, the panels are 
re-contaminated as they are removed from the solution. 
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Figure 4.3 Zn:C Ratios for Different Cleaning Processes after 60 s Immersion in 
Ridoline Solution 
 
It is possible that adopting the Zn:C ratio as a measure of the surface cleanliness biases 
the results in favour of the C72. This is because the Zn:C ratio is intended to produce a 
ratio representing metal to contamination. In the case of the C72, which has been shown 
to remove the aluminium from the HDG layer, this is applicable. However, a true ratio of 
metal to contamination for the 1340 cleaned panels would be given by calculating the 
aluminium plus zinc to carbon ratio. The Al+Zn:C values were therefore plotted for the 
samples cleaned with ultrasonic agitation and without a Ridoline rinse and are plotted in 
figure 4.4. 
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Figure 4.4 Effect of Ridoline Immersion Time on Al+Zn:C Ratio 
 
The data in figure 4.4 confirms that, even when the presence of aluminium is accounted 
for, the Ridoline 1340 is not as effective at removing surface contamination as the C72. 
However, it could be argued that it also shows the Ridoline 1340 to be a more consistent 
cleaning process, less affected by changes in immersion time. This could be beneficial for 
producing more uniform substrates for coating. 
 
4.1.3 FEGSEM Observations 
 
The effect of the cleaning process on the surface morphology was examined with the 
FEGSEM. Both Ridoline 1340 and Ridoline C72 were investigated to compare the effects 
of these solutions with ultrasonic agitation at different immersion times. In addition an 
acetone degreased panel was examined. Several areas were examined on each sample 
to ensure that the micrographs acquired were representative of the overall surface 
condition. 
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Figure 4.5 Secondary Electron Image Showing Acetone Degreased HDG Panel. Red 
Circle Indicates Cratering of Surface 
 
Figure 4.5 shows the surface of a sample degreased with acetone. The patterning on the 
surface presumably corresponds to the grain boundaries of the HDG coating. Defects are 
visible on the surface, including a dark area which looks as if it could be a hole, scratches 
and craters in the surface (indicated in the image by the red circle). 
 
 
Figure 4.6 EDX Spectrum from Area Shown in Figure 4.5 
 
The EDX spectrum, figure 4.6, shows the composition to comprise predominantly zinc. A 
small iron peak is also visible, while the aluminium can only just be discerned. It is 
surprising, given the amount of aluminium detected in the coating by AES (see table 4.4) 
that this peak is not larger, although this could be a function of sampling depth. The 
sampling depth of EDX is greater than 1 μm, compared to a few nanometres for AES. 
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An attempt was made to generate EDX element maps of the area shown in figure 4.5 to 
determine the location of the different elements in the HDG layer. These are reproduced 
in figure 4.7 
 
   
   Zinc     Aluminium 
 
Iron 
Figure 4.7 EDX Maps from Area Shown in Figure 4.5, 500x Magnification 
 
The EDX maps suggest that the aluminium and iron are distributed throughout the coating 
and are not restricted to any particular location, such as the grain boundaries. The larger 
green area visible in the iron map appears to correspond to the defect seen in figure 4.5 
and confirms that this is a hole in the coating. 
 
Immersing a panel in Ridoline 1340 solution for 30 s produced a surface which appeared 
reasonably homogeneous, as shown in figure 4.8. The sample appears to be visually 
comparable to the acetone degreased panel. There are, however, fewer defects on the 
surface, although this is more likely to be variation in the individual panels rather than a 
facet of the cleaning process. 
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Figure 4.8 Secondary Electron Image Showing Sample Cleaned With Ridoline 1340 
for 30 s 
 
The EDX spectrum for the sample area shown in figure 4.8 is reproduced below in figure 
4.9. 
 
 
Figure 4.9 EDX Spectrum from Area Shown in Figure 4.8 
 
The zinc and iron peaks are still perceptible in figure 4.9 but there does not appear to be 
any aluminium. This apparently contradicts the AES data which suggested that the 1340 
solution does not remove the aluminium. However, the aluminium peak visible in figure 
4.6 is very small and it could be that the EDX is not sufficiently sensitive to detect its 
presence.  
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Figure 4.10 Secondary Electron Image Showing Sample Cleaned With Ridoline 1340 
for 60 s 
 
After 60 s immersion in Ridoline 1340, the surface morphology still appears very similar to 
the acetone degreased panel shown in figure 4.5. This is apparent from the micrograph 
shown in figure 4.10. It was also noted after studying several different areas that the 
surface of the sample was relatively consistent in its appearance. 
 
  
Figure 4.11 Secondary Electron Images Showing Sample Cleaned With Ridoline 
1340 for 600 s 
 
The two micrographs reproduced in figure 4.11 show the surface of a sample cleaned for 
600 s at two different magnifications. At lower magnification, the surface still appears 
similar to the acetone degreased sample but at higher magnification a degree of surface 
etching can be seen. 
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Figure 4.12 Secondary Electron Images Showing Sample Cleaned With Ridoline C72 
for 30 s 
 
After only 30 s cleaning in Ridoline C72, a change in the surface appearance compared to 
the acetone degreased panel can be seen, as shown in figure 4.12. At lower 
magnification, linear striations can be seen crossing the grains, presumably caused by the 
etching effect of the more alkaline C72. The AES data showed that even short immersion 
times in C72 removed the aluminium from the coating and the observed change could be 
attributable to this effect. A surface defect is shown at higher magnification in the right 
hand micrograph. This resembles the craters observed in figure 4.5.  
 
Increasing the immersion time to 60 s does not have a discernible effect on the surface 
morphology, as can be seen in figure 4.13. It could be that at shorter immersion times, the 
predominant effect is still the removal of contaminants from the surface, following stripping 
of the aluminium. 
 
 
Figure 4.13 Secondary Electron Image Showing Sample Cleaned With Ridoline C72 
for 60 s 
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Figure 4.14 Secondary Electron Images Showing Sample Cleaned With Ridoline C72 
for 600 s 
 
Figure 4.14 shows the surface of a sample after 10 minutes immersion in Ridoline C72. 
Comparing these images with those in figure 4.11, the etching effect of this solution is 
shown to be much more pronounced than the Ridoline 1340. In the right hand micrograph, 
there is an area in the centre of the image where the HDG layer appears to have been 
completely penetrated. Two micrographs are included here to also highlight the difference 
in the appearance of the surface when comparing two different areas. This non-uniformity 
could be caused by the more aggressive C72 solution preferentially etching areas where 
there are existing irregularities, such as those indicated in figure 4.5 and figure 4.12. 
 
4.1.4 Profilometry 
 
Profilometry tests were performed during the early stages of the study before the use of 
ultrasonic agitation was considered. However, the results, given in table 4.5, allow the 
effect of different cleaning solutions and process times to be assessed. Three different 
areas of each sample were tested; the table shows the individual data and also average 
values. In addition to the information given in table 4.5, the profilometry traces are 
reproduced in appendix 1. 
 
The results in table 4.5 show that all of the cleaning procedures are capable of 
engendering an increase in the average Ra value. Large variations in the individual results 
make comparisons between the different cleaning processes difficult. For example the 
second Ra value obtained for the C72, 1 min immersion with stirrer agitation is 
considerably higher than all the other values.  
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Sample Ra (μm) Average 
Ra (μm) 
Ry* (μm) Average 
Ry (μm) 
Acetone degreased HDG panel 0.6393 0.6687 4.2480 4.8096 
0.7193 5.8594 
0.6475 4.3213 
Ridoline 1340, 30 s, magnetic stirrer 0.8845 0.9412 5.8594 5.9570 
1.0737 5.7861 
0.8654 6.2256 
Ridoline 1340,1 min, magnetic stirrer 1.2149 1.0166 7.3242 5.6885 
0.9568 5.0537 
0.8782 4.6875 
Ridoline 1340, 10 min, magnetic stirrer 0.8420 0.9231 4.7607 6.0303 
1.1157 6.9580 
0.8117 6.3721 
Ridoline C72, 30s, magnetic stirrer 0.9424 0.9052 7.0313 5.8106 
1.1137 5.8594 
0.6595 4.5410 
Ridoline C72, 1 min, magnetic stirrer 0.9845 1.3229 5.2734 6.0303 
2.2285 8.1299 
0.7556 4.6875 
Ridoline C72, 10 min, magnetic stirrer 0.8018 0.7796 5.4932 5.1758 
0.7517 5.3467 
0.7852 4.6875 
0.8026 4.9072 
0.7917 4.3213 
*Maximum peak-to-peak value 
Table 4.5 Profilometry Data from Acetone Degreased or Ridoline Cleaned HDG 
Panels 
 
When the profilometry trace is examined (figure 4.15) a large indentation is visible in the 
surface. This could have been due to a scratch or other surface defect. Further 
profilometry tests of the samples would reduce the error caused by such results. However, 
the average Ra values do show that the surface roughness is increased by all the cleaning 
processes examined. 
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Figure 4.15 Profilometry Scan of an HDG Panel Cleaned with Ridoline C72 for 60 s 
with Stirrer Agitation 
 
4.1.5 Surface Free Energy Measurements  
 
Surface free energy measurements were conducted as described in Section 3.3.6. 
Initially, non-temper rolled panels were used but it was found that the contact angle 
formed by a liquid drop on the surface was influenced by the surface roughness of the 
panels. Temper rolled panels were therefore substituted for the contact angle 
measurements. Samples were cleaned for 1 minute in Ridoline 1340 or C72 using 
ultrasonic agitation both with and without a further rinse with fresh Ridoline. 
 
 
Figure 4.16 Surface Free Energies of Ridoline Cleaned HDG Panels. Error Bars 
Depict Maximum and Minimum Values 
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Figure 4.16 shows that both Ridoline solutions can improve the wettability of the HDG 
panels by removing contaminants from the surface. For the 1340 solution, a 30 s 
immersion is not sufficient to increase the surface energy compared to an acetone 
degreased panel. Increasing the immersion time to 60 s and then 600 s results in an 
appreciable increase in surface free energy.  
 
It is more difficult to interpret the results for the C72, as 30 s or 600 s immersion results in 
a higher surface energy than any of the 1340 cleaned samples but the two 60 s immersion 
samples do not. Without a further C72 rinse, the wettability of the sample is comparable to 
the acetone degreased panel. Although it is possible that these panels are not typical, it is 
unusual that two separate samples should have produced results which do not coincide 
with the trend observed for the 1340 cleaned samples. This could be considered as 
further evidence that the cleaning effect of C72 is less reproducible than 1340. 
 
4.1.6 Linear Polarization Resistance 
 
LPR tests were conducted on acetone degreased samples and panels cleaned in either 
Ridoline 1340 or Ridoline C72. The Ridoline cleaned samples were immersed for 1 min 
and subjected to ultrasonic agitation. Samples were also rinsed with fresh, heated 
Ridoline solution after immersion and before rinsing with deionized water. 
 
The results in figure 4.17 show that the panels degreased with acetone have the highest 
polarization resistance. This is due to contaminants on the surface and possibly also 
oxides which will have formed since the HDG coating was applied. The lower value for the 
1340 cleaned panels can be attributed to the removal of the contamination and a 
reduction in oxide thickness, resulting in a more active surface. The removal of the 
aluminium and etching through the HDG layer by the C72 is probably the cause of these 
samples having the lowest polarization resistance. 
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Figure 4.17 Linear Polarization Resistance Measurements of Cleaned HDG Panels. 
Error Bars Indicate Standard Deviation 
 
4.1.7 Cleaning Process Summary   
4.1.7.1 Selection of Cleaning Solution 
 
The AES data suggests that the Ridoline C72 is more effective than the Ridoline 1340 at 
removing surface contamination from the HDG panels. This is shown by both the Zn:C 
ratios and by the full compositional data. The Ridoline C72 seems to have the effect of 
removing not only the oils present on the panels but also of removing the aluminium which 
is incorporated in the galvanizing process, in addition to a more general etching of the 
surface. However, the LPR data suggests that the removal of this aluminium may be 
detrimental to the corrosion resistance of the cleaned panels. Certainly after longer 
immersion times, the C72 has the effect of not only removing the aluminium but also 
etching through the zinc which forms the greater part of the coating, as shown in figure 
4.14. Exposing the steel substrate will inevitably compromise the application of the HDG 
layer. 
 
Both the AES and surface free energy data also suggest that the Ridoline C72 is more 
susceptible to variations in the process parameters. Additionally, the FEGSEM 
examination showed that the C72 had a cleaning effect which was less uniform, possibly 
as a result of its more aggressive etching of the surface. For the purposes of this study, it 
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was desirable to create a surface which was not only clean but also reproducible and for 
this reason it was decided to adopt the Ridoline 1340 cleaning solution. 
 
4.1.7.2 Effect of Agitation 
 
Comparisons between magnetic stirrer and ultrasonic agitation showed the latter to be a 
more efficient means of removing contamination from the surface. This is the case for 
both the 1340 and C72 solutions, as shown in figure 4.3. For the C72 solution, data from 
table 4.4 shows that after 1 minute immersion with ultrasonic agitation, although carbon is 
still present, the cleanliness of the panels is comparable to a 10 minute immersion using 
magnetic stirrer agitation. From a practical perspective, a shorter immersion time is 
desirable, making the use of ultrasonic agitation superior in this respect. It was therefore 
decided that ultrasonic agitation would be used for cleaning panels prior to coating. 
 
Figures 4.3 and 4.16 also confirm the need to rinse the panels with Ridoline solution after 
immersion to remove contaminants which are returned to the surface of the sample as it is 
withdrawn from the cleaning bath. This is demonstrated by the results in table 4.4 for the 
panel which was cleaned by spraying with Ridoline 1340 only, with no prior immersion. 
Even this had the effect of increasing the Zn:C ratio from 0 to 0.910. 
 
4.1.7.3 Effect of Immersion Time 
 
Selection of an immersion time for cleaning the panels is a compromise between the 
resulting cleanliness of the panel and time constraints when many samples need to be 
processed. The effect of increasing the immersion time on the cleanliness is summarized 
in figures 4.2 and 4.4. Figure 4.4 in particular suggests that with the 1340 cleaning 
solution, there is little improvement to be obtained by increasing the immersion time 
beyond 30 s. The micrographs also show that there is no visible change in the surface by 
increasing the immersion time from 30 to 60 s in Ridoline 1340. However, considering the 
surface energy data in figure 4.16, it was felt that an immersion time of 60 s would 
produce a more satisfactory substrate on which to applying organic coatings.  
 
Following the justifications outlined above, the cleaning process adopted for the remainder 
of the study was immersion in Ridoline 1340 for 60 s, using ultrasonic agitation. The panel 
was then rinsed with heated Ridoline 1340 solution from a wash bottle and finally 
deionized water.
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4.2 Organic Coatings – Particle Dispersion 
 
Before investigating the properties of the modified coatings, various analytical techniques 
were employed to assess the dispersion of the particles in the 51016 primer coatings. The 
variables considered included the type of particle and dispersion method and time. 
Additionally, XRD was used to determine the degree of exfoliation of layered clays in the 
coatings. 
 
4.2.1 Unmodified 51016 Primer Coatings 
 
FEGSEM and FIBSEM examinations were made of the unmodified 51016 primer coatings 
prior to the addition of nanoparticles, to provide a datum against which the modified 
coatings could be compared.  
 
 
Figure 4.18 Secondary Electron Image Showing 51016 Primer Surface 
 
Figure 4.18 shows the surface of an unmodified 51016 primer coating. The image 
confirms that there are no remarkable features visible which could cause misinterpretation 
when examining the nanocomposite coatings. That this is a relatively thin coating is 
implied by the visible outline of the HDG morphology beneath, particularly in the top left of 
the image (see images in Section 4.1.3 for comparison). 
 
Figures 4.19-4.21 outline the stages of the FIBSEM cross sectioning process. The first 
micrograph, figure 4.19, shows the surface of the 51016 coating after deposition of the 
platinum layer, visible as a rectangle in the centre of the image. The area surrounding the 
platinum deposit shows evidence of damage caused by the ion beam. The damage is 
manifested as small holes in the surface of the coating. 
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Figure 4.19 Electron Beam Image Showing Platinum Deposited on the Surface of 
the 51016 Primer 
 
The initial and final cross sections and also a plan view of the cross section are shown in 
figure 4.20. 
 
  
                                                                   (a)                                                    (b) 
 
                                                    (c) 
Figure 4.20 Electron Beam Images Showing (a) the 51016 Primer After Initial 
Sectioning, (b) After Final ‘Cleaning’ of Cross Section and (c) Cross Section in Plan 
View 
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It can be seen that after the initial cross sectioning procedure (figure 4.20a), carried out at 
7 nA, the cross section has a rough surface and there is, what appears to be, material 
smeared across the face of the section. This could be platinum which has been removed 
from that which was deposited to protect the surface of the coating. After the final cleaning 
of the cross section with an ion beam current of 0.5 nA, the sample has a smoother 
appearance and there is no material smeared over the surface as shown in figure 4.20b. 
The damage around the area which has been removed by the ion beam highlights the 
need to protect the polymer with the platinum layer. 
 
 
Figure 4.21 Electron Beam Image Showing Cross Section of 51016 Primer. 
Annotations Indicate the Thickness of the Organic Coating and HDG Layer 
 
Another benefit of producing cross sections with the FIBSEM was the ability to determine 
the thickness of the primer coating and the underlying zinc. This can be seen in figure 
4.21. 
 
4.2.2 Layered Clays 
4.2.2.1 Dellite Organoclays 
 
Initial experiments involved the use of organically modified montmorillonite-type clays 
supplied under the trade name Dellite. Figures 4.22 and 4.23 show micrographs of the 
Dellite 43B clay which is modified with dimethyl benzylhydrogenated tallow ammonium. 
 
Organic coating (51016 primer) 
HDG layer 
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Figure 4.22 FEGSEM Secondary Electron Images of Dellite 43B Clay Particles 
 
 
Figure 4.23 TEM Image of Dellite 43B Clay Particles 
 
The second type of clay was Dellite 67G, which is rendered organophilic with dimethyl 
dehydrogenated tallow ammonium. The clay was examined with both the FEGSEM and 
TEM, as shown in figures 4.24 and 4.25. 
 
  
Figure 4.24 FEGSEM Secondary Electron Images of Dellite 67G Powder 
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Figure 4.25 TEM Image of Dellite 67G Clay Particles 
 
The final organically modified clay was Dellite 72T which is modified with the same 
ammonium ion as the Dellite 67G but at a lower concentration. Figure 4.26 shows a 
FEGSEM micrograph of the clay. Following analysis with the FEGSEM, it was not felt 
necessary to subject the clay to TEM investigation due to the similarity between this clay 
and the Dellite 67G.  
 
  
        Figure 4.26 FEGSEM Secondary Electron Images of Dellite 72T Clay Particles 
 
The micrographs of the Dellite organoclay powders show a similar morphology in each 
case. The clay particles appear to take the form of random clusters of clay platelets, 
differing considerably from the idealized structures shown in the literature. The formation 
of the platelets could, however, be influenced by the need to disperse the clays in ethanol 
prior to examination. The higher magnification FEGSEM images show the individual 
platelets more clearly, where they appear like flakes within the clay particle. The TEM 
images are difficult to interpret, as the size of the clay particles hinders penetration by the 
electron beam. The ability of the TEM to operate at higher magnification than the 
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FEGSEM does not allow the thickness of the platelets, or their spacing, to be quantified as 
they platelets tend to lie flat. 
 
The XRD data for the Dellite powders are given in figure 4.27. Table 4.6 gives the platelet 
spacing for each of the clays, as calculated by the Bragg equation from the XRD peaks. 
 
 
Figure 4.27 XRD Spectra from Dellite Clay Powders 
 
Clay 2θ (Degrees) Platelet Spacing (nm) 
Dellite 43B 4.88 1.81 
Dellite 67G 2.60 3.40 
Dellite 72T 3.56 2.48 
Table 4.6 Dellite Clay Platelet Spacings Calculated from XRD Data 
 
Table 4.6 shows that the Dellite 43B clay has the smallest gallery spacing of the three 
organically modified clays. Dellite 67G and 72T have spacings which differ by almost 1 
nm, despite being modified with the same ammonium ion. This shows that the 
concentration of the ammonium ion, as well as the type, have a bearing on the platelet 
spacing. 
 
It can be seen in figure 4.27 that, while the Dellite 43B exhibits one diffraction peak, the 
Dellite 72T and 67G display two and three, respectively. In the case of the Dellite 672T, 
Chapter 4 Results and Discussion  O.D.Lewis 
 
 
149 
 
these could be the first and second order Bragg peak, as one occurs at around 3.5o and 
the next at 7o. Analysis of the peaks for the Dellite 67G is less straightforward; the first 
order peak is at around 2.5o, the second at 4.5o and the last at around 7o. The first and 
third peaks could correspond to the first and third order Bragg peaks but if this was the 
case, the second peak should be at 5o. Although the difference could be attributed to 
experimental error, this would mean that the choice of peak chosen to calculate the 
platelet spacing had a bearing on the value. 
 
There are two factors affecting the ability to disperse the clays into a polymer matrix. 
Firstly, there is a need to ensure compatibility with the host polymer. Secondly, the platelet 
spacing should be sufficiently large to allow unimpeded access for the polymer into the 
interlayer spaces. The XRD data in figure 4.27 and table 4.6 suggested that it would be 
acceptable to proceed with only two of the Dellite clays: Dellite 43B and Dellite 67G. This 
is because both Dellite 67G and 72T are modified with dibenzyl ammonium tallow salt but 
Dellite 67G, having the larger gallery spaces, would permit easier intercalation by the 
polymer.  
 
4.2.2.1.1 Dellite 43B Modified Coatings 
 
Preliminary dispersion trials were made using the Dellite 43B organoclay. The clay was 
added to the 51016 resin and then stirred at 1000 rpm for either 2 or 24 h or ball milled for 
2 h. The micrographs reproduced in figures 4.28-4.30 show samples stirred for 24 h, as it 
was felt that these images portrayed the optimum degree of dispersion for this technique. 
 
  
                                                                  (a)                                                                   (b) 
Figure 4.28 Backscattered Images Showing 51016 Primer With 1% w/w Dellite 43B, 
Stirred 24 h at 1000 rpm. Images Acquired at (a) 1000x and (b) 5000x Magnification 
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Figures 4.28, 4.29 and 4.30 show the dispersion of the Dellite 43B clay in 51016 resin 
after stirring for 24 h at 1000 rpm. Inevitably, there is a correlation between increasing clay 
loading and number of particles visible. However, the micrographs also suggest that the 
increase in organoclay content does not give rise to an increase in agglomeration of the 
particles. It could be that, far from agglomerating, the particles are being broken up during 
the dispersion process but that this has not been completely achieved. Alternatively, it 
could be that there is some agglomeration taking place but that the individual platelets are 
so small that only gross agglomeration would be detectable.  
 
  
                                                                  (a)                                                                   (b) 
Figure 4.29 Backscattered Images Showing 51016 Primer With 3% w/w Dellite 43B, 
Stirred 24 h at 1000 rpm. Images Acquired at (a) 1000x and (b) 5000x Magnification 
 
Figure 4.22 indicates that the clay particles are generally over 1 μm across, with smaller 
platelets visible on the surface of some of the particles. The size of the artefacts seen in 
figures 4.28-4.30 suggests that many of these particles remain, although the presence of 
some smaller particles suggests that the small platelets on the surface of the particles are 
separated. 
 
Cracks are visible on the surface of the films shown in figure 4.29 and, to a lesser extent, 
figure 4.28. As there are no cracks in figure 4.30, there does not seem to be a relationship 
between the cracking of the surface and clay loading. However, the right-hand micrograph 
in figure 4.29 shows that, where cracking does occur, it takes place around the particles. It 
could be that the cracks occur as the coating dries and its thickness decreases, causing 
the coating to shrink around the particles and crack. Another possibility is that the particles 
are not sufficiently wetted by the polymer. The higher magnification image reproduced in 
figure 4.29 would appear to support the latter hypothesis, as the crack has exposed one 
edge of the clay particle.  
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                                                                  (a)                                                                   (b) 
Figure 4.30 Backscattered Images Showing 51016 Primer With 5% w/w Dellite 43B, 
Stirred 24 h at 1000 rpm. Images Acquired at (a) 1000x and (b) 5000x Magnification 
 
  
                                                                  (a)                                                                   (b) 
Figure 4.31 Backscattered Images Showing 51016 Primer With 1% Dellite 43B, Ball 
Milled 2 h. Images Acquired at (a) 1000x and (b) 5000x Magnification 
 
A visual comparison between the effectiveness of the dispersing blade and the ball milling 
process can be made by studying figures 4.28 and 4.31. There appears to be more clay 
visible in figure 4.31, although this impression could be created by the ball milling process 
aiding more effective breaking up of the clay particles into individual platelets. The range 
of particle sizes seems to be greater, as the apparently greater numbers of small particles 
is offset by the large agglomerate visible towards the top of the lower magnification image. 
It would probably be more legitimate to compare the two dispersion techniques after equal 
process times. However, figure 4.31 shows that in a shorter time, ball milling is capable of 
producing a satisfactory dispersion. 
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The dispersion blade relies on its speed to generate shear forces to break up any 
agglomerates and for this reason it was decided to operate the blade at higher speed. 
Samples were therefore produced with the dispersion blade turning at 5000 rpm. The 
details of these trials were discussed in Section 3.2.2.2 and the micrographs of these 
samples are shown in figure 4.31-4.34. 
 
  
                                                                  (a)                                                                   (b) 
Figure 4.32 Backscattered Images Showing 51016 Primer With 1% w/w Dellite 43B, 
Stirred 30 min at 5000 rpm. Red Circle Indicates Area Where a Crack Has Formed 
Due to an Air Bubble. Images Acquired at (a) 1000x and (b) 5000x Magnification 
 
  
                                                                  (a)                                                                   (b) 
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                                                               (c) 
Figure 4.33 Backscattered Images Showing 51016 with 3% w/w Dellite 43B, Stirred 
30 min at 5000 rpm. Images (a), (b) and (c) Acquired at Different Magnifications 
 
  
                                                                  (a)                                                                   (b) 
Figure 4.34 Backscattered Images Showing 51016 with 5% w/w Dellite 43B, Stirred 
30 min at 5000 rpm. Red Lines Indicated Area With Fewer Cracks. Images Acquired 
at (a) 1000x and (b) 5000x Magnification 
 
Immediately apparent is the extensive cracking of the coating, even at 1% loading. In 
figure 4.32b, a crack can be seen (circled in red) which appears to have formed over a 
bubble in the coating. The bubble is just visible as a circle which is a slightly darker shade 
of grey than the surrounding polymer. At 3 and 5% loading, this trapped air is even more 
obvious, with dark grey and black specks covering the surface. In figure 4.34a, an area 
with fewer spots and also less cracking is indicated by the red parallel lines. This could be 
related to the surface morphology of the HDG substrate. The surface of the substrates 
was investigated using profilometry and discussed in Section 4.14. The ridged surface 
which was described can be seen by the naked eye. If this area with less cracking 
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corresponds to a high point in the substrate, it would further indicate that the cracking is at 
least partially a function of the coating thickness. 
 
XRD spectra for the coatings modified with Dellite 43B are shown below in figures 4.35-
4.38. The individual graphs depict the results of different dispersion methods. In each 
case, the XRD spectra for the powder is included for comparative purposes. Platelet 
spacings calculated from the XRD spectra are given in table 4.7. 
 
 
Figure 4.35 XRD Spectra from 51016 Primer Coatings Containing Dellite 43B, 2 h 
Stirring at 1000 rpm 
 
 
Figure 4.36 XRD Spectra from 51016 Primer Coatings Containing Dellite 43B, 24 h 
Stirring at 1000 rpm 
 
Chapter 4 Results and Discussion  O.D.Lewis 
 
 
155 
 
 
 
 
Figure 4.37 XRD Spectra from 51016 Primer Coatings Containing Dellite 43B, 30 min 
Stirring at 5000 rpm 
 
 
 
Figure 4.38 XRD Spectra from 51016 Primer Coatings Containing Dellite 43B, 2 h 
Ball Milled 
 
 
 
 
Chapter 4 Results and Discussion  O.D.Lewis 
 
 
156 
 
Loading 
(%w/w) 
Dispersion 
Method 
Dispersion 
Speed (rpm) 
Dispersion 
Time (h) 
2θ (Degrees) Platelet 
Spacing 
(nm) 
1 Stirring 1000 2 4.82 1.83 
3 Stirring 1000 2 4.72 1.87 
5 Stirring 1000 2 4.82 1.83 
1 Stirring 1000 24 4.74 1.86 
3 Stirring 1000 24 4.72 1.87 
5 Stirring 1000 24 4.70 1.88 
1 Stirring 5000 0.5 4.56 1.94 
3 Stirring 5000 0.5 4.76 1.86 
5 Stirring 5000 0.5 4.6 1.92 
1 Ball mill - 2 4.72 1.87 
Table 4.7 Platelet Spacings – Dellite 43B Modified 51016 Coatings 
 
The platelet spacing calculated for the Dellite 43B clay was 1.81 nm, as shown in table 
4.6. Comparing this to the platelet spacing values given in table 4.7 suggests that the 
polymer does not penetrate the gallery spaces, giving rise to a ‘micro’, as opposed to 
nano, composite. Two of the samples which were stirred at 5000 rpm for 30 minutes have 
a larger platelet spacing. From this, it could be surmised that even higher stirring speeds 
might potentially improve the platelet separation. However, not only is this not practical 
due to the curing of the coating with increasing shear but it is also possible that the 
apparent improvement is because the XRD peaks are both small and broad and so it is 
difficult to determine the exact 2θ value. 
 
4.2.2.1.2 Dellite 67G Modified Coatings 
 
Figures 4.39-4.41 show the dispersion of different loadings of Dellite 67G clay in 51016 
primer after 2 h stirring. From the experience of using XRD to study the 43B modified 
coatings, it was decided to focus on 2 h stirring and 2 h ball milling before making a 
decision on whether or not to pursue experiments with the Dellite 67G. 
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                                                                  (a)                                                                   (b) 
Figure 4.39 Backscattered Images Showing 51016 Primer With 1% w/w Dellite 67G, 
Stirred 2 h at 1000 rpm. Images Acquired at (a) 1000x and (b) 5000x Magnification 
 
The appearance of the coating containing 1% 67G differs considerably from that 
containing 1% 43B. Figure 4.28 shows the 43B to be distributed throughout the coating 
and existing as a mixture of larger agglomerates and smaller particles, which could be 
platelets separated from the agglomerates. In figure 4.39, one large agglomerate can be 
seen, with only a few smaller particles surrounding it when examined at lower 
magnification. The cracking previously observed in some of the 43B modified coatings is 
also apparent in figure 4.39. With the 67G modified coatings, the cracks again appear to 
predominantly coincide with the location of clay particles. In Section 4.2.2.1.1 poor wetting 
of the clay was suggested as a possible cause, supported by figure 4.29. However, it can 
be seen in the higher magnification micrograph that the clay particle is surrounded by 
polymer and the cracks have formed cohesively within the polymer itself. 
 
  
                                                                  (a)                                                                   (b) 
Figure 4.40 Backscattered Images Showing 51016 Primer With 3% w/w Dellite 67G, 
Stirred 2 h at 1000 rpm. Images Acquired at (a) 1000x and (b) 5000x Magnification 
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In figure 4.40 the cracking has become much more extensive. Although cracks have 
formed around particles, they are not restricted to these locations, but seem to have 
formed apparently at random. As noted in figure 4.39, the 67G clay particles seem to form 
fewer, larger agglomerates than was the case with the Dellite 43B. The agglomerate 
shown at higher magnification can be seen to be around 10 μm across. 
 
   
                                                                  (a)                                                                   (b) 
Figure 4.41 Backscattered Images Showing 51016 Primer With 5% w/w Dellite 67G, 
Stirred 2 h at 1000 rpm. Images Acquired at (a) 1000x and (b) 5000x Magnification 
 
An increase in loading to 5%, shown in figure 4.41, corresponds to a decrease in the 
extent of cracking. This resembles the trend noted in Section 4.2.2.1.1 for the 51016 
coatings modified with Dellite 43B. With 5% 67G in the coating, the cracks occur in close 
proximity to the clay particles. The dispersion of the clay also appears similar to the 43B 
coatings, with a range of different particle sizes visible. However, a qualitative visual 
examination of the lower magnification image suggests that there are fewer clay particles 
visible than in the corresponding 43B modified coating. This could be because, as with the 
1 and 3% 67G samples, more of the clay platelets are bound up in larger agglomerates. 
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                                                                  (a)                                                                   (b) 
  
                                                                  (c)                                                                   (d) 
Figure 4.42 Backscattered (a, b) and Secondary Electron (c, d) Images Showing 
51016 Primer With 1% Dellite 67G, Ball Milled 2 h 
 
Ball milling a 1% 67G sample for 2 h appears to have reduced the size of the 
agglomerates and some smaller particles can be seen distributed in the coating (figure 
4.42). The use of a secondary electron detector and correspondingly lower accelerating 
voltage allowed the coatings to be viewed at higher magnification without damage. In 
figure 4.42d, the platelets which form the particles can be observed in the crack. The 
morphology of the particles after incorporation into the coating is similar to that of the clay 
powder, shown in figure 4.24. 
 
The XRD spectra for the Dellite 67G modified coatings are shown in figures 4.43 and 4.44 
and the calculated platelet spacings given in table 4.8. 
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Figure 4.43 XRD Spectra from 51016 Primer Coatings Containing Dellite 67G, 2 h 
Stirring at 1000 rpm 
 
 
 
Figure 4.44 XRD Spectra from 51016 Primer Coatings Containing Dellite 67G, 2 h 
Ball Milled 
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Loading 
(%w/w) 
Dispersion 
Method 
Dispersion 
Speed (rpm) 
Dispersion 
Time (h) 
2θ (Degrees) Platelet 
Spacing 
(nm) 
1 Stirring 1000 2 2.20 4.02 
3 Stirring 1000 2 2.24 3.94 
5 Stirring 1000 2 2.28 3.87 
1 Ball mill - 2 2.24 3.94 
Table 4.8 Platelet Spacings – Dellite 67G Modified 51016 Primer Coatings 
 
The platelet spacing for the 67G clay was 3.40 nm. Table 4.8 shows that incorporation of 
the clay into the 51016 resin resulted in an increase in the platelet spacing. However, the 
increase is small, between 0.47 and 0.62 nm, which is around half the thickness of an 
individual platelet31. There also appears to be an inverse relationship linking increasing 
clay content and platelet spacing. At higher loadings, this might seem reasonable. 
However, the micrographs show that even at 5% loading there are areas of the coating 
which are devoid of clay and so the trend cannot be attributed to a lack of free space for 
the platelets to occupy.  
 
4.2.2.1.3 Dellite Clays Summary 
 
The micrographs in Sections 4.2.2.1.1 and 4.2.2.1.2 show that the Dellite clays can be 
dispersed in the 51016 resin by stirring or ball milling. However, the XRD data shows that 
the increase in platelet spacing is minimal when compared to the values discussed in the 
literature. For example Yeh, et al.84 reported an increase in platelet spacing from 1.94 nm 
for their organoclay to 3.4 nm for an epoxy containing 3% organoclay. Another 
consideration is the size of the molecules in the polymer dispersion. In Section 2.1.2.1, a 
colloidal dispersion was quoted as having particle sizes from 1 to 100 nm. Given the 
potential size of the particles, it is possible that intercalation of the polymer into the 
interlayer spaces cannot be achieved. This difficulty will also be exacerbated by the 
presence of water in the wet film. As the clays have been organically modified, adding 
them to a waterborne coating system may impel the platelets to agglomerate. 
 
The micrographs do not provide any explanation for the cracks seen in some of the 
samples. There does not appear to be any relationship between the cracks and clay 
loading or dispersion method, except with the samples which were stirred for 30 minutes 
at 5000 rpm. 
 
Chapter 4 Results and Discussion  O.D.Lewis 
 
 
162 
 
 Possible causes of the cracking are: 
• Variations in coating thickness – the drawdown rod used to apply the coating is 
intended to produce a uniform 5 μm wet film thickness. However, it was observed 
when applying the coatings that, in some areas, the films were thicker. This 
variation is probably influenced by the amount of downward pressure applied when 
using the drawdown rod and the amount of resin initially applied to the panel. 
Another source of variation will arise from the surface texture of the non-temper 
rolled panels. In figure 4.34, a strip of coating was highlighted which was less 
cracked and it was suggested that this could be attributed to the HDG substrate. 
• Agglomeration of particles – it was noted that in many instances, the cracks 
coincide with larger particles or agglomerates. The stages in the curing of an 
aqueous polymer dispersion were outlined in Section 2.1.2.1. As the water is 
evaporated from the coating, its volume will decrease. As this occurs, the coating 
will ‘shrink back’ from any particles which have been incorporated, generating 
internal stresses in the coating. As the size of the particles increases, the effect will 
eventually be the formation of cracks in the vicinity of the particles. 
• Poor wetting by the polymer – the cracks could be formed by poor wetting of the 
particles by the polymer matrix. In any paint system, good wetting of the pigments 
or additives is essential to the corrosion and mechanical properties of the coating. 
However, the evidence from the micrographs is contradictory. In figure 4.42, there 
are what appear to be clay platelets visible in a crack, suggesting that they have 
not been sufficiently wetted by the polymer. However, in figure 4.40 the cracks 
have formed round the clay particle through the polymer itself. 
• Substrate or particle contamination – if the cleaning process is not satisfactory, 
contamination on the surface of the panel could be the cause of the cracks. 
However, the cleaning of the HDG panels has been considered at length and it 
was decided that the chosen process would provide not only the necessary degree 
of cleanliness but was also not especially sensitive to slight variations in process 
parameters. The Dellite clays were used as supplied by the manufacturers and 
were stored in sealed containers prior to use. Some substances are hygroscopic 
and will have a tendency to absorb water during storage. While this might cause 
the type of cracking observed, these clays, being organically modified, should not 
be prone to water absorption.
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4.2.2.2 Steetley GWB Sodium Bentonite 
 
The sodium bentonite clay shares its platelet structure with the Dellite clays but has not 
been ‘organically modified’. The interlayer spaces are therefore occupied by sodium 
cations. The hydrophilic nature of these clays may overcome the difficulty of dispersing 
organically modified clays in a waterborne polymer, as discussed in Section 4.2.2.1.3. 
Figures 4.45 and 4.46 below show the clay powder. 
 
 
Figure 4.45 Secondary Electron Image Showing Sodium Bentonite Clay Particles 
 
 
Figure 4.46 TEM Image Showing Sodium Bentonite Clay Particles 
 
The appearance of the clay in figure 4.45 differs from the Dellite clay in that it seems to 
have formed a more continuous mass, rather than the individual clay particles seen in 
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figures 4.22, 4.24 and 4.6. The thin, flake-like, platelets are still visible at certain points on 
the surface (e.g. in the centre of the image). As discussed previously in Section 4.2.2.1, 
the dispersion of the clay in ethanol prior to examination could affect its appearance. 
Figure 4.46, a TEM image, is comparable to the TEM images of the Dellite clays but, as 
before, it is difficult to obtain any meaningful data from the micrograph. There are what 
appear to be either individual platelets, or certainly stacks containing few platelets in the 
centre of the image. 
 
The XRD spectra of the bentonite clay is shown in figure 4.47. The peak occurs at a 
higher value of 2θ (7.08o) than those for the Dellite clay, indicating a smaller gallery 
spacing. Calculated using the Bragg equation, this is 1.25 nm. 
 
 
Figure 4.47 XRD Spectra from Sodium Bentonite Clay Powder 
 
The bentonite clay was dispersed in the 51016 primer by stirring or ball milling. Although 
the viscosity of the modified primer coatings was not measured, it was apparent that with 
3% w/w sodium bentonite, there was a marked increase in viscosity. The following 
micrographs show the effect of dispersing bentonite clay in the 51016 primer coating with 
different processing parameters. 
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                                                                  (a)                                                                   (b) 
 
                                                               (c) 
Figure 4.48 Backscattered (a,b) and Secondary Electron (c) Images Showing 51016 
Primer With 1% w/w Bentonite, Stirred for 2 h at 1000 rpm 
 
The two backscattered images in figure 4.48 reveal a coating with a cracked morphology, 
similar to some of the Dellite modified samples. Although the secondary electron image 
appears to show a crack-free surface, the end of a crack can be seen to the far right of the 
image. This suggests a degree of heterogeneity in the coating. All three micrographs 
display a much finer dispersion than was achieved with the Dellite 43B or 67G. 
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                                                                  (a)                                                                   (b) 
 
                                                               (c) 
Figure 4.49 Backscattered (a,b) and Secondary Electron (c) Images Showing 51016 
Primer With 3% w/w Bentonite, Stirred for 2 h at 1000 rpm 
 
Increasing the loading to 3% bentonite generated larger agglomerates, although the 
spaces between these agglomerates seem to contain much smaller particles with a good 
level of dispersion. There are cracks apparent in the backscattered images which 
generally correspond to the location of agglomerates. However, the cracks are shorter 
than those seen in figure 4.48 and do not seem to have propagated. 
 
Figures 4.50 and 4.51 show the dispersion of the clay after 24 h stirring. With 1% 
bentonite, the level of dispersion appears to be comparable to that produced after 2 h 
stirring, but with 3% loading, the more effective breaking-up of agglomerates after a longer 
stirring time is manifest. 
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                                                                  (a)                                                                   (b) 
  
                                                                  (c)                                                                   (d) 
Figure 4.50 Backscattered (a,b) and Secondary Electron (c,d) Images Showing 
51016 Primer With 1% w/w Bentonite, Stirred for 24 h at 1000 rpm 
 
The two secondary electron images in figure 4.50 show the same area of the sample 
surface. The crack visible in the centre of the left hand image is shown at higher 
magnification in the right hand image. At higher magnification, what are presumably clay 
platelets are apparent in the crack. 
 
  
                                                                  (a)                                                                   (b) 
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                                                               (c) 
Figure 4.51 Backscattered (a,b) and Secondary Electron (c) Images Showing 51016 
Primer With 3% w/w Bentonite, Stirred for 24 h at 1000 rpm 
 
  
                                                                  (a)                                                                   (b) 
 
                                                               (c) 
Figure 4.52 Backscattered (a,b) and Secondary Electron (c) Images Showing 51016 
Primer With 1% Bentonite, Ball Milled for 2 h 
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                                                                  (a)                                                                   (b) 
 
                                                               (c) 
Figure 4.53 Backscattered (a,b) and Secondary Electron (c) Images Showing 51016 
Primer With 3% Bentonite, Ball Milled for 2 h 
 
The micrographs reproduced in figures 4.52 and 4.53 show coatings in which the 
bentonite was dispersed by ball milling. The appearance of the 1% bentonite sample 
corresponds to those produced with the rotary mixing blade; the clay is reasonably well 
dispersed and the coating is cracked. With 3% bentonite, the appearance is similar to the 
24 h stirred sample, again suggesting that ball milling is capable of generating a good 
dispersion at shorter process times.  
 
The higher magnification backscattered image, figure 4.53b shows that the particle size in 
the cured coating ranges from less than 1 μm to around 3 μm. It is probable that the 
disparity in particle size occurs as a result of the detachment of platelets from the clay 
particles. If this is the case, then it could be inferred that ball milling for longer would 
further improve the dispersion. However, 2 h seems to be a reasonable compromise 
between dispersion and an industrially acceptable process time. 
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TEM micrographs of the sample containing 3% bentonite after 2 h ball milling are shown 
in figure 4.54. The freestanding films were produced from the same batch of bentonite 
modified 51016 resin as the samples shown in figure 4.53. The preparation of TEM 
samples was described in Section 3.3.1.3. 
 
  
                                                                  (a)                                                         (b) 
  
                                                                  (c)                                                         (d) 
Figure 4.54 TEM Images of 51016 Modified with 3% Bentonite, Ball Milled for 2 h. 
Images a, b, c and d Acquired at Different Magnification 
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The lower magnification images (figure 4.54a and b) highlight the platelet structure of the 
clay, with the bentonite particles apparently several hundred nanometres long but only a 
few nanometres wide. Although there is a spread of particle sizes, particularly apparent in 
the upper right hand image, the TEM images show that the clay is well dispersed at the 
nanometre scale. At higher magnification, especially in figure 4.54c, it is possible to 
discern individual platelets with definite spaces between them; this indicates an 
intercalated morphology. The appearance of the platelets in the coating conforms to the 
idealized intercalated structure outlined by LeBaron, et al.29 (figure 2.10). This type of 
nanocomposite visibly differs from the exfoliated as produced by Vaia31 and illustrated in 
figure 2.11. In Vaia’s micrograph, the platelets appear to be individually dispersed in the 
polymer matrix, although there is still some ordering of the platelets, particularly visible 
towards the top of the image. 
 
 
 
 
(a) 
Chapter 4 Results and Discussion  O.D.Lewis 
 
 
172 
 
 
(b) 
Figure 4.55 XRD Spectra from Samples Coated with Bentonite Modified 51016 
Primer, Stirred (a) and Ball Milled (b) 
 
The XRD spectra show a shift in the peak of around 2o to lower 2θ values. This implies an 
increase in the interlayer spacing. A peak shift to the left but with the peak remaining has 
been extensively reported to represent an intercalated nanocomposite, with polymer 
incorporated between the platelets but with the platelets retaining their stacked formation. 
This corroborates the visual assessment from the TEM micrographs. Table 4.9 below 
gives values for the platelet spacings.  
 
Loading (% 
w/w) 
Dispersion 
Method 
Dispersion 
Speed (rpm) 
Dispersion 
Time (h) 
2θ (Degrees) Platelet 
Spacing 
(nm) 
1 Stirring 1000 2 4.82 1.83 
3 Stirring 1000 2 4.92 1.80 
1 Stirring 1000 24 4.88 1.81 
3 Stirring 1000 24 4.96 1.78 
1 Ball mill - 2 4.90 1.80 
3 Ball mill - 2 4.94 1.79 
Table 4.9 Platelet Spacings – Steetley GWB (Bentonite) Modified 51016 Primer 
Coatings 
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Even after intercalation, the platelet spacings are small, comparable to the Dellite 43B 
clay which had the smallest spacing of the organoclays. However, it represents an 
increase of over 0.5 nm compared to the bentonite clay prior to incorporation into the 
polymer. While this undoubtedly suggests an intercalated structure, the degree of swelling 
does not compare to the spacing values found in the literature. For example, Yeh, et al.84 
report an increase in platelet spacing of 1.46 nm for an epoxy polymer containing 3% 
organically modified clay. 
 
It is also evident that, regardless of the dispersion process, the platelet spacing in the 
modified coating attains a similar value. The fact that the peaks are also reasonably 
sharp, as depicted in figure 4.55 suggest that, within each sample, the platelet spacing is 
relatively consistent. If there are a range of platelet spacings in the coating, this will have 
the effect of broadening the peak. The phenomenon could suggest that, although some 
polymer is intercalated into the gallery spaces, the attractive forces between the individual 
platelets have not been overcome. A contributory factor could be the drying mechanism of 
the waterborne coating. This involves clustering of the micelles as the water is removed, 
as depicted in figure 2.5. Concomitant with this will be a reduction in the volume occupied 
by the resin, which might permit the platelet stacks to reform. 
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4.2.2.3 Sigma Aldrich Synthetic Hydrotalcite 
 
  
                                                                  (a)                                                                   (b) 
Figure 4.56 FEGSEM Images of Synthetic Hydrotalcite Particles at Two 
Magnifications. Red Circle Highlights Particle With an Apparently Stratified 
Structure 
 
 
Figure 4.57 TEM Image of Synthetic Hydrotalcite Particles 
 
The images of the hydrotalcite powder in figures 4.56 and 4.57, suggest that it has a 
different morphology to the cationic layered clays. The FEGSEM images show that the 
clay resembles discrete particles, as opposed to the ‘balls’ consisting of thin, wafer type 
platelets observed with the cationic clays. It is not apparent whether each of the particles 
represents one of Reichle's 'hexagonal platelets'39 or Mestach and Twene's 'primary 
particles'22, which the authors claim consist of stacks of individual platelets. Something 
which supports the latter morphology is the appearance of one of the particles in figure 
4.56b, which is highlighted. There are what appear to be strata visible on the surface of 
the particle which could be the edges of the platelets. However, this phenomenon is not 
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apparent on many of the other particles. It also inexplicable, if this is a stack of platelets, 
why the platelets are not directly on top of each other but appear to be fanned out, giving 
the striated appearance which can be seen. 
 
In figure 4.56a, there appears to be something covering the clay in places. The nature and 
cause of this is unknown. The TEM image, figure 4.57, provides more information 
regarding the size and shape of the particles than was the case for the cationic clays. The 
difference in the contrast of the individual particles suggests that some of them at least 
are very thin. 
 
 
Figure 4.58 XRD Spectra from Hydrotalcite Clay 
 
Figure 4.58 shows the XRD spectra for the hydrotalcite powder. There are two main 
peaks visible, corresponding to the first two integers of the Bragg equation (n=1 and n=2). 
It can be seen that the platelet spacing is smaller than the other clays, being around 0.76 
nm. Combining this information with the visual observations from the micrographs, it adds 
further credence to the possibility that these are primary particles containing many closely 
spaced platelets. Such small interstitial spacing would be difficult to elucidate with the 
FEGSEM. 
 
If the objects visible in figure 4.56 and 4.57 are particles, as opposed to individual 
platelets, then the particles are still 'nano', with many falling into a range of around 200 - 
400 nm. Why the platelets do not continue to stack and form larger particles, as in the 
case of the cationic clays, is not clear. Where the particles are larger, they frequently 
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seem to have undergone an almost linear growth, as in the example ringed in figure 4.56. 
Further examples can also be seen in the left-hand image of the plate, at lower 
magnification. 
 
Figures 4.59 and 4.60 show the dispersion of the hydrotalcite particles in 51016 resin after 
stirring at 1000 rpm for 2 h. With 1% w/w hydrotalcite, the dispersion appears to be 
reasonably good. The backscatter image, figure 4.59a, shows several larger 
agglomerates, two in particular being visible to the left of the centre of the image. The 
higher magnification secondary electron image (figure 4.59b) shows that there seems to 
be a mixture of individually dispersed particles and small agglomerates, which appear to 
consist of a few of the particles. 
 
  
                                                                  (a)                                                                   (b) 
  
                                                               (c) 
Figure 4.59 Backscattered (a, b) and Secondary Electron (c) Images Showing 51016 
Primer With 1% w/w Hydrotalcite, Stirred 2 h at 1000 rpm 
 
At 3% w/w loading, there are more agglomerates visible, although individually dispersed 
particles still remain as shown in figure 4.60. A few very large agglomerates have formed, 
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causing cracking of the coating, presumably as the coating dried and retracted. One such 
agglomerate is shown in figure 4.60f. Where the coating has cracked, the particles can be 
clearly discerned. The size of the agglomerate and the fact that it does not appear to be 
wetted by the polymer, suggest that this is an existing agglomerate which was not broken 
up during the dispersion process, as opposed to a re-agglomeration of particles during 
curing of the coating. The micrograph in figure 4.60e shows a smaller cluster of particles, 
typical of those seen throughout the coating. It is apparent that although the particles have 
formed a small agglomerate, they are still being wetted by the polymer, which appears to 
have penetrated the agglomerate. One feature of many of the agglomerates, particularly 
visible in figure 4.60d, is that they often take the form of linear 'strings' of particles. 
 
With 3% hydrotalcite the backscatter images become more difficult to analyze. This is 
because the image contains more depth information than the secondary electron images, 
which tend to show surface features. Consequently, the particles appear to be much more 
densely packed in the backscatter images. The penetration occurring when backscatter 
images are generated is apparent in figure 4.59a. The dark lines visible, particularly in the 
top left corner of the image, are probably the grain boundaries of the HDG substrate. 
 
   
                                                                  (a)                                                                   (b) 
  
                                                                  (c)                                                                   (d) 
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                                                                  (e)                                                                   (f) 
Figure 4.60 Backscatter (a, b) and Secondary Electron (c, d, e and f) Images 
Showing51016 Primer With 3% w/w Hydrotalcite, Stirred 2 h at 1000 rpm 
 
Figures 4.59 and 4.60 can be compared to 4.61 and 4.62 below, which show the effect on 
the dispersion of stirring for 24 h at 1000 rpm. At 1% loading, the dispersion appears 
similar to that obtained after 2 h stirring suggesting that the additional time is not 
necessary at this loading. The sample containing 3% hydrotalcite has suffered extensive 
cracking, already seen with some of the Dellite and bentonite modified coatings. Once 
again, there is no obvious explanation for this. The cracking makes assessment of the 
dispersion difficult but it appears to correspond to the degree of dispersion seen after 2 h 
stirring. 
 
  
                                                                  (a)                                                                   (b) 
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                                                               (c) 
Figure 4.61 Backscatter (a, b) and Secondary Electron (c) Images Showing 51016 
Primer With 1% w/w Hydrotalcite, Stirred 24 h at 1000 rpm 
 
  
                                                                  (a)                                                                   (b) 
  
                                                               (c) 
Figure 4.62 Backscatter (a, b) and Secondary Electron (c) Images Showing 51016 
Primer With 3% w/w Hydrotalcite, Stirred 24 h at 1000 rpm 
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Although there are agglomerates of particles visible in some of the cracks, it seems 
unlikely that this is the sole cause of the phenomenon, as they are too extensive and their 
location does not directly correspond to the location of clusters of particles. 
 
   
                                                                  (a)                                                                   (b) 
   
                                                                  (c)                                                                   (d) 
Figure 4.63 Backscatter (a, b) and Secondary Electron (c,d) Images Showing 51016 
Primer With 1% w/w Hydrotalcite, Ball Milled 2 h 
 
The use of the ball mill to disperse the hydrotalcite seems to have achieved a slight 
improvement in the dispersion with 1% w/w loading, as shown in figure 4.63. The 
improvement is also observed with 3% hydrotalcite, as shown in figure 4.64. 
 
In figure 4.62, an extensively cracked morphology was observed which is not apparent in 
figure 4.64. As both samples contain 3% w/w hydrotalcite, this adds further evidence to 
suggest that the cracking phenomenon is not related to particle loading. While it is 
probable that gross agglomeration, such as that seen in figure 4.60f, results in crack 
formation, the difference in the degree of dispersion between the samples shown in figure 
4.62 and 4.64 is not sufficient to account for the difference in this instance. 
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                                                                  (a)                                                                   (b) 
   
                                                                  (c)                                                                   (d) 
 
                                                               (e) 
Figure 4.64 Backscatter (a, b) and Secondary Electron (c, d and e) Images Showing 
51016 Primer With 3% Hydrotalcite, Ball Milled 2 h. Red Circle Indicates Particle 
Which Appears to Contain Layers of Platelets 
 
Another feature of the coating, highlighted in figure 4.64e by a red circle, is a clay particle 
which has what appears to be a layered structure. If these are individual platelets, they 
have a thickness of around 30 – 50 nm, thicker than the 10 nm suggested by Reichle39 
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and Mestach and Twene22. Reichle’s thicker ‘hexagonal platelets’, which were produced 
at a crystallization temperature of 200o C were around 100 nm thick39, so the structure 
does not correspond directly to these either. However, it could be that the hydrotalcite 
supplied by Sigma Aldrich has been synthesized at a crystallization temperature between 
that which produced 10 nm thick platelets (65-75o C)and that which gave 100 nm thick 
platelets (200o C)39. 
 
The exfoliation of the hydrotalcite clay was investigated using X-ray diffraction, as with the 
Dellite and bentonite modified coatings. XRD spectra from the hydrotalcite modified 
coatings are shown below in figures 4.65 and 4.66. 
 
 
Figure 4.65 XRD Spectra from Samples Coated with Hydrotalcite Modified 51016 
Primer, Stirred at 1000 rpm 
 
Figure 4.65 shows the spectra from coatings in which the hydrotalcite was stirred at 1000 
rpm. With 1% w/w hydrotalcite, the diffraction peak observed in the powder sample is 
absent, suggesting that the particles in the coating have been exfoliated. However, 
samples containing 3% hydrotalcite exhibit a small peak at around 11.6o, which 
corresponds to the position of the hydrotalcite peak in the powder sample. Although the 
peak at 11.6o can be seen, the higher order peak at 23.4o is not visible. This could be 
because it is being masked by the 'noise'.  
 
There are two possible reasons for the appearance of a peak in the samples containing 
3% clay but not those containing 1%. The first is that with 1% clay, the particles are 
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sufficiently well separated to permit the platelets to exist individually in the matrix but at 
3%, the loading is such that the platelets are attracted together into particles. Secondly, it 
could be that with 1% hydrotalcite, the peak is too small to be distinguished against the 
background signal. The latter is the more likely explanation, as the likelihood of achieving 
a completely exfoliated structure is low; it is more likely that an intercalated structure 
would be observed, with an associated shift in the XRD peak. Also, even with 3% 
hydrotalcite, the peak is small and consequently with only 1%, it could be expected to be 
even smaller. 
 
 
Figure 4.66 XRD Spectra from Samples Coated with Hydrotalcite Modified 51016 
Resin, 2 h Ball Milled 
 
Figure 4.66 shows that a similar pattern is observed with the ball milled samples: no peak 
is visible with 1% hydrotalcite, while one is apparent at around 11.6o with 3%. In this 
instance, the second peak at 23.4o is also discernible. Another feature which is not 
particularly noticeable in figure 4.66 is the presence of broad peaks between 1.3o and 3.6o 
and another at around 9o. The peaks become more evident when the plot is rescaled, as 
shown in figure 4.67.  
 
Figure 4.67, which has been scaled to show the spectra in the 1-15o 2θ range, shows 
these broad peaks for the hydrotalcite-modified coating, which are not present in the 
spectrum for the clay. While this may be considered to be an indication of intercalation, it 
is unlikely, as the peak at 11.6o is still manifest. An intercalated structure would be more 
likely to result in a broadening of the existing peak for the clay rather than the appearance 
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of discrete peaks, as the increase in platelet separation would not be constant. The 
behaviour apparent from the XRD data would imply that platelets have been intercalated 
to give interlayer spaces of two specific values, while some have undergone no 
intercalation. It is unusual that the XRD data does not conclusively demonstrate an 
intercalated or exfoliated structure for the modified coatings, as their hydrophilic nature 
might be expected to facilitate the separation of the platelets in a waterborne coating. 
Although it could be that the platelets realign into particles during the drying of the coating, 
the presence of the polymer between the platelets would lead to an intercalated structure, 
as obtained with the bentonite-modified coatings. 
 
 
Figure 4.67 XRD Spectra from Hydrotalcite Powder Sample and 51016 Primer 
Containing 3% LDH, Ball Milled Sample 
 
Regardless of whether the clays are incorporated as particles or individual platelets, there 
did not appear to be any increase in the haze of the coatings. This was not assessed 
experimentally but was determined by visual examination. Mestach and Twene22 used 
haze measurements to determine how well dispersed the particles were. This is because 
nanoparticles, if sufficiently well dispersed, are so small that they cause minimal light 
scattering. For their research with waterborne coatings, the authors also commented that 
it was sufficient to disperse the hydrotalcite at the level of particles, rather than into 
platelets. While the authors were investigating a specific application, the degree of 
dispersion observed in the micrographs suggests that layered double hydroxide clays 
might be a beneficial additive in this project. Another factor favouring an investigation into 
these materials was that there was no appreciable change in the viscosity of the resin, 
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unlike that containing bentonite. It was therefore decided to pursue the incorporation of 
synthetic hydrotalcite in the 51016 primer. 
 
4.2.2.4 Further Hydrotalcite Dispersion Experiments 
 
Following the dispersion of synthetic hydrotalcite at 1 and 3% w/w, it was decided to 
extend this range with additional loadings of 0.1% and 5% w/w. Further trials were also 
made with ultrasonic agitation and bead milling as the dispersion mechanism. 
 
4.2.2.4.1 0.1 and 5% w/w Synthetic Hydrotalcite 
 
Samples were produced by modifying the 51016 primer with 0.1 and 5% w/w hydrotalcite 
in order to investigate a wider range of particle loadings. The previous experiments with 
the hydrotalcite, as reported in Section 2.4.4.3, suggested that ball milling for 2 h was a 
satisfactory process and it was therefore adopted for these samples. 
 
  
                                                                  (a)                                                                   (b) 
Figure 4.68 Secondary Electron Images Showing 51016 Primer Containing 0.1% w/w 
Hydrotalcite, Ball Milled for 2 h 
 
The dispersion of 0.1% w/w hydrotalcite clay is shown in figure 4.68. Few particles can be 
seen in the micrographs and, perhaps inevitably, those present appear to be well 
dispersed. 
 
With 5% hydrotalcite, as shown in figure 4.69, there is a greater degree of agglomeration. 
However, although there are more particles per unit area, the degree of dispersion 
appears to be comparable to the sample containing 3% shown in figure 4.64.  
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                                                                (a)                                                                 (b) 
 
                                                                    (c) 
Figure 4.69 Secondary Electron Images Acquired at Different Magnifications 
Showing 51016 Primer Containing 5% w/w Hydrotalcite, Ball Milled for 2 h 
 
4.2.2.4.2 Ultrasonic Agitation 
 
A dispersion technique which has been used by other researchers investigating 
nanocomposite synthesis is ultrasonic agitation. This has been used in combination with 
rotational mixing85,86,88-91 or as the sole means of dispersion94. For these trials, rotational 
stirring and ultrasonic agitation were employed simultaneously. This was achieved by 
suspending a beaker containing the resin and hydrotalcite in an ultrasonic bath and stirred 
at 1000 rpm with the same overhead mixer and mixing blade which was used for the 
previous dispersion experiments. A process time of 2 h was chosen to allow direct 
comparison with the stirred samples. 
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                                                                  (a)                                                                   (b) 
Figure 4.70 Secondary Electron Images Acquired at Different Magnifications 
Showing 51016 Primer Modified With Hydrotalcite Using Ultrasonic Dispersion 
Process 
 
Comparing figure 4.70 with 4.60, which shows the modified coating which was subjected 
to 2 h stirring, an improvement in the dispersion of the clay is apparent. Fewer 
agglomerates are visible in figure 4.70 and those which are present are smaller than the 
largest which can be seen in figure 4.60. However, at higher magnification (figure 4.70b) 
cavities are visible surrounding the particles. These could be caused by the expulsion of 
air from the porous particles themselves during ultrasonic agitation. Their presence is still 
unexpected, as the resin was degassed in a vacuum prior to application. If this is air 
trapped in the resin as a result of the dispersion process, it is manifested differently than 
that which affected the Dellite 43B-modified samples which were stirred for 30 min at 5000 
rpm. 
 
4.2.2.4.3 Bead Milling 
 
Hydrotalcite-modified 51016 primer samples were also produced by Henkel in their 
laboratories using a bead mill to disperse the particles. The purpose of this was to 
determine the efficacy of a process which would otherwise have not been available for this 
project. However, as such facilities were not available in Loughborough, the samples were 
not subjected to any of the other tests which were subsequently performed. 
 
Samples were produced by adding 1 or 3% w/w hydrotalcite to the 51016 resin and bead 
milling for 15, 30 or 60 minutes. Substrates were non-temper rolled HDG and were 
cleaned with Ridoline 1340 using a spray application process. 
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LDH Loading 
(% w/w) 
Process Time 
(min) 
Secondary Electron Image 
1 15 
 
1 30 
 
1 60 
 
3 15 
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3 30 
 
3 60 
 
Table 4.10 Micrographs Showing Bead Milled 51016 Primer Samples Containing 1 or 
3% w/w Hydrotalcite after Different Process Times  
 
The micrographs in table 4.10 show that with 1% LDH, the level of dispersion after 15 or 
30 minutes appears to be similar to the 2 h ball milled sample shown in figure 4.63. After 
60 minutes bead milling, however, there appears to be an improvement in the dispersion. 
An increase in the number of smaller particles can be observed, suggesting either 
separation of the platelets or possibly physical breaking of the particles by the grinding 
action of the bead mill. 
 
Another interesting feature of the 1% hydrotalcite, 15 minutes bead milled sample shown 
in table 4.10 is the dark circles which appear round many of the particles. This 
phenomenon has not been observed in any of the samples produced in Loughborough. 
An example is shown at higher magnification in figure 4.71. At this magnification, it can be 
seen that what appeared to be dark circles are composed of many individual darker 
coloured lines surrounding the particles.  
 
The hydrotalcite used for the tests was taken from the same container as that used for all 
the trials conducted at Loughborough and so it is unlikely that the clay was contaminated. 
Another possibility is contamination of the bead milling equipment. Unfortunately, this is 
something which cannot be determined. When the problem of coating cracking was 
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discussed in Section 4.2.2.1.3, the presence of adsorbed moisture on the particles was 
suggested as a possible cause. Although the visible effect is different, it could possibly 
account for the markings seen in the micrograph. 
 
 
Figure 4.71 Secondary Electron Image Showing 51016 Primer Sample Containing 
1% w/w Hydrotalcite, Bead Milled for 15 Minutes 
 
With 3% hydrotalcite, there is an unusual trend discernible, with the dispersion after 30 
min being worse than after 15 or 60 min. This tendency also differs from that observed for 
the samples containing 1% hydrotalcite. It would seem feasible for the dispersion to either 
remain constant or improve with increasing process time. A feature which is conspicuous 
on the sample containing 3% hydrotalcite and bead milled for 60 min is the appearance of 
mottled staining. However, rather than being confined to the proximity of the particles as 
was the case in figure 4.71, it pervades the coating. 
  
  
                                                                  (a)                                                                   (b) 
Figure 4.72 Secondary Electron Images Acquired at Different Magnifications 
Showing 51016 Sample Containing 3% w/w Hydrotalcite, Bead Milled for 60 Minutes 
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More extensive examination of the surface revealed a much darker colouration in certain 
areas, the localized nature of which is demonstrated in figure 4.72a. Although figure 4.72b 
shows that there is a tendency for this phenomenon to manifest itself in the proximity of 
particles, the lower magnification micrograph suggests that the colouring is not as 
confined to the particles as was the case with the sample containing 1% hydrotalcite clay 
which was bead milled for 15 min. The micrographs do not clarify whether the cause of 
the widespread mottling of the surface and the dark markings in certain regions are 
derived from the same cause.
 
4.2.2.4.4 FIBSEM Cross Sections of Hydrotalcite Modified Primer Samples 
 
The focused ion beam scanning electron microscope (FIBSEM) was used to produce 
cross sections of the samples containing 0.1, 1, 3 and 5% w/w hydrotalcite clay. Samples 
were all produced by ball milling for 2 h. 
 
With only 0.1% hydrotalcite in the coating, it was not possible to discern any particles in 
the cross section, despite making several attempts at different locations. Figure 4.73a 
shows the platinum deposit indicating a location which was to be sectioned. The uneven 
topography of the coating at this point suggested the presence of a particle. 
 
  
                                                                  (a)                                                       (b) 
Figure 4.73 Secondary Electron Image Showing Platinum Deposit (a) and Cross 
Section (b) of 51016 Primer Sample Containing 0.1% w/w Hydrotalcite 
 
However, as the right hand image shows, the feature was not related to the presence of 
hydrotalcite. With such low loadings of clay, the particles will probably not be capable of 
performing the diffusion barrier role which was discussed in Section 2.3.2.2. This is 
because, as the FIBSEM micrographs show, there are large volumes of unfilled polymer.  
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The addition of 1% w/w hydrotalcite to the 51016 primer is a sufficiently high loading for 
the particles to be readily located in the cross section, as shown in figure 4.74. 
 
  
                                                                  (a)                                                       (b) 
Figure 4.74 Secondary Electron (a) and Ion Beam (b) Images Showing Cross 
Section of a 51016 Primer Sample Containing 1% w/w Hydrotalcite 
 
Imaging with the cross section with the ion beam rather than the electron beam more 
effectively highlights the location of the particles. This is because the ion beam is capable 
of generating good conductivity contrast. It can be seen that, although the particles are 
individually dispersed in the coating, they appear to be clustered more towards the right. 
There is no evidence of agglomeration, although comparison with figure 4.59 shows that 
with a 20 μm cross section it is possible that one would not be encountered. 
Heterogeneity in the coating, such as that shown in figure 4.74, may result in local 
variations in the coating performance affecting properties such as corrosion and scratch 
resistance. 
 
The cracked morphology of the sample containing 3% w/w hydrotalcite provided the 
opportunity to investigate the cracks in addition to the particle dispersion. The chosen 
location of the cross section is illustrated in figure 4.75. 
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Figure 4.75 Secondary Electron Image Showing Location of Cross Section on 51016 
Primer Sample Containing 3% w/w Hydrotalcite 
 
Figure 4.76 shows the electron beam and ion beam images of the section. It is apparent 
from the micrographs that at least some of the cracks do penetrate through the organic 
coating. Although the crack appears to be blocked, this is the platinum deposited to 
protect the surface during sectioning. The scale bar indicates that the crack is just less 
than 1 μm wide. 
 
  
                                                                  (a)                                                       (b) 
Figure 4.76 Secondary Electron (a) and Ion Beam (b) Images Showing Cross 
Section of a 51016 Primer Sample Containing 3% w/w Hydrotalcite 
 
The degree of hydrotalcite dispersion appears to be good, although it could be argued that 
there is a tendency for the particles to migrate towards the surface of the organic film. The 
apparent particle size seems to range from under 100 nm to around 1 μm, but it could be 
that the smaller particles are in reality those which have been sectioned at their edge. 
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As figure 4.77 shows, with 5% hydrotalcite in the coating, the particles are also generally 
well dispersed, with some agglomeration occurring. These can be discerned in the higher 
magnification images in figure 4.78. 
 
  
                                                                  (a)                                                       (b) 
Figure 4.77 Secondary Electron (a) and Ion Beam (b) Images Showing Cross 
Section of a 51016 Primer Sample Containing 5% w/w Hydrotalcite 
 
  
                                                                  (a)                                                       (b) 
Figure 4.78 Higher Magnification Secondary Electron (a) and Ion Beam (b) Images 
Showing Cross Section of a 51016 Primer Sample Containing 5% w/w Hydrotalcite 
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4.2.3 Titanium Dioxide 
 
In addition to the layered clays, it was decided to also investigate the addition of titanium 
dioxide to the 51016 primer resin. The chosen grade was Millennium Chemicals PC500. 
The particles are shown in figure 4.79, below. 
 
 
Figure 4.79 Secondary Electron Image Showing PC500 Titania Particles. Red Circle 
Highlights Area of Porosity 
 
The particles appear to be several hundred nanometres across, with the individual 
crystallites visible in the particles. Evident in some of the particles are spaces where the 
crystallites are not closely packed. One such area is indicated by the red circle. 
 
Initial trials, conducted in parallel with the experiments using hydrotalcite, focused on 
dispersing 1 and 3% w/w titanium dioxide by either stirring at 1000 rpm for 2 h or ball 
milling for 2 h. As with the clay modified samples, it was necessary to de-gas the resin in a 
vacuum before application. Table 4.11 shows that ball milling produced a more 
satisfactory dispersion and so this process was used to produce samples containing 0.1 
and 5% w/w. 
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Titania 
Loading 
(% w/w) 
Dispersion Method 
2 h Stirring at 1000 rpm 2 h Ball Milling 
0.1  
 
1 
  
3 
  
5  
 
Table 4.11 Secondary Electron Images Showing 51016 Primer Modified With 
Various Loadings of PC500 Titanium Dioxide and Utilizing Different Dispersion 
Techniques 
 
It is apparent from the micrographs that the cracks which were encountered with the clays 
are also present in some of the samples containing titanium dioxide. Like the clay-
modified samples, the occurrence of cracks seems to be independent of the particle 
loading. 
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The particle size distribution appears to be quite wide and comparing the modified 
coatings to the micrograph of the titania, figure 4.79, it is probable that during dispersion 
the large particles are broken down. Figure 4.80 shows the dispersion of 5% w/w titanium 
dioxide in a 51016 coating. Particles can be discerned which range in size from around 
500 nm down to some which appear to be under 100 nm.  
 
 
Figure 4.80 Secondary Electron Image Showing Particle Size Variation in a 51016 
Primer Coating Containing 5% w/w PC500 
 
However, visual inspection of the coatings confirms that the particles have not been 
broken down to a sufficiently small size to prevent light scattering. Figure 4.81 shows 
samples containing 0.1 and 5% w/w titanium dioxide and the increase in haze with 
increasing particle loading is apparent. 
  
 
Figure 4.81 Photograph Showing 51016 Primer Samples Containing 0.1% w/w 
Titanium Dioxide (left) and 5% w/w (right) 
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Although it is not shown, there is an increase in haze even at 0.1% w/w titanium dioxide 
when compared to the unmodified 51016 primer. This confirms the supposition that the 
dispersion requires the breaking of particles as the large particles are present even at low 
loadings. 
 
  
                                                                 (a)                                                                 (b) 
Figure 4.82 Secondary Electron Image Showing Agglomerates Present in 51016 
Primer Coatings Containing (a) 1 and (b) 5% w/w PC500 Titanium Dioxide 
 
Figure 4.82 shows large particles in samples containing different loadings. Figure 4.82a 
shows a particle which has the appearance of an agglomeration of many of the smaller 
particles seen in figure 4.79. While the outside of the agglomerate seems to be wetted by 
the polymer, it is apparent that within the agglomerate, the particles are not wetted and 
hence as the coating has cracked on drying, the agglomerate has broken up, revealing 
the smaller particles which are its constituents. The micrograph in figure 4.82b again 
shows a particle which has been exposed by the formation of a crack. At higher 
magnification, the crystallites within the particle are apparent, as is some polymer on the 
surface of the particle suggesting that the particle was wetted by the polymer prior to the 
crack initiating. 
 
The focused ion beam scanning electron microscope (FIBSEM) was also used to produce 
cross sections of the samples containing 0.1, 1, 3 and 5% w/w hydrotalcite. Samples were 
all produced by ball milling for 2 h. Unlike the hydrotalcite samples, no difficulty was 
encountered in locating particles in the 0.1% titanium dioxide sample. This could be 
because with the titanium dioxide there are a greater number of smaller particles at a 
given loading. 
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Figure 4.83 Secondary Electron Image Showing Cross Section of a 51016 Primer 
Sample Containing 0.1% w/w Titanium Dioxide 
 
In the cross section of a 0.1% titanium dioxide sample, figure 4.83, several particles can 
be perceived. As previously observed, a range of sizes are visible. 
 
  
                                                                  (a)                                                       (b) 
Figure 4.84 Secondary Electron Images Showing Cross Section of a 51016 Primer 
Sample Containing 5% w/w Titanium Dioxide. Images Acquired at Different 
Magnification 
 
With 5% titanium dioxide, a large particle, around 6 μm across is visible in the centre of 
the cross section (figure 4.84). Similar particles were also observed at lower loadings. The 
presence of particles of this size might have a detrimental effect on the performance of the 
coatings, as they occupy almost the full thickness of the coating and hence in these areas 
the substrate will be protected by only a thin layer of polymer.
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4.3 Thermogravimetric Analysis (TGA) of Titanium Dioxide and Hydrotalcite 
Powders 
 
TGA experiments were conducted on the hydrotalcite and titanium dioxide powders to 
ascertain whether their water content may be sufficient to contribute to the cracking 
observed in some of the samples. Any moisture in the samples will evaporate during the 
curing process, which takes place at 80o C. This may have three possible consequences. 
Firstly, the loss of the water may cause the particles to shrink in size sufficiently to result 
in a void forming around the particle, leading to crack formation. However, the 
micrographs showed that, in many cases, the particles were still wetted by the polymer, 
which would not be the case if this had occurred. Secondly, the moisture may still be 
evaporating from the particles after the surrounding coating had begun to solidify. Finally, 
as this is a waterborne coating, any water in the particles may solvate the resin in their 
vicinity. This localized reduction in concentration may exaggerate the shrinkage which 
occurs as the coating cures.  
 
 
Figure 4.85 TGA Analysis of Hydrotalcite Powder 
 
Figure 4.85 shows the results for the hydrotalcite sample. It can be seen that as the 
temperature increased, there was a decrease in the weight of the powder sample, 
commencing as the temperature reached approximately 50o C. After around 8.5 minutes, 
when the temperature has reached 80o C, the weight of the sample stabilizes. The 
temperature range over which the weight is reduced suggests that it can be attributed to 
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moisture in the powder. However, the total weight lost represents only around 0.16% of 
the total for the sample. This suggests that there is probably not sufficient water to cause 
such extensive cracking as was observed in the micrographs, although it is difficult to 
determine from the TGA data what would constitute a significant amount. 
 
 
Figure 4.86 TGA Analysis of Millennium Chemicals PC500 Titanium Dioxide Powder 
 
Figure 4.86 shows that in the case of the titanium dioxide, there is also a decrease in the 
weight of the sample when heated. With this sample, the weight lost was greater than that 
observed with the hydrotalcite, attaining a stable value of around 98.1% of the total. As 
with the hydrotalcite sample, the weight loss occurred during the heating phase of the 
experiment and has stabilized once the isothermal phase of the test had commenced. The 
experiment suggests that the titanium dioxide only contains around 2.9 wt.% water, 
however, the agglomeration of the titanium dioxide particles will give rise to areas of 
higher water concentration. It could be that, in the case of the titanium dioxide, the 
presence of water is a contributory factor, allied to the size of the agglomerates in causing 
the cracking. 
 
4.4 Surface Free Energy of Modified 51016 Primer Coatings 
 
There is no evidence in the literature to suggest that the addition of hydrotalcite or titanium 
dioxide to polymers will affect the surface energy of the composite. However, surface 
energy values calculated from contact angle measurements were obtained to ensure that 
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the additives did not engender any detrimental effect. In the case of a primer such as the 
51016, it is desirable to avoid a reduction in surface free energy, thus retaining good 
wettability of the topcoat.  
 
 
Figure 4.87 Surface Free Energy Values of Unmodified and Modified 51016 Primer 
Coatings. Error Bars Depict Maximum and Minimum Values 
 
Figure 4.87 shows that for the 51016 primer samples modified with hydrotalcite there was 
a small decrease in the mean surface free energy when compared to the unmodified 
51016 sample. However, the spread of data, indicated by the error bars, suggests that the 
values still lie within the range of the unmodified sample. Nevertheless, it does imply that 
the addition of hydrotalcite does not significantly impair the wettability of the primer. 
 
It is reasonable to conclude from the data that the addition of titanium dioxide to the 51016 
primer has reduced the surface free energy of the coating from 44 mJ.m-2 to around 35 
mJ.m-2. Although this is probably insufficient to have a bearing on the ability to over-paint 
the primer, it is a represents a larger drop in surface energy than was observed with the 
hydrotalcite modified 51016 primer. The error bars for the sample containing 5% titanium 
dioxide also indicate that the maximum surface free energy value fell within the range of 
the unmodified primer values. It could be that this variation in the data at higher particle 
loadings could be related to the presence of agglomerates, such as those shown in figure 
4.82. 
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Another feature of the titanium dioxide particles seen in figure 4.79 and which is also 
evident in figure 4.84 is the porosity within the particle. This presumably results from the 
formation of the particles from an agglomeration of crystallites. The breaking up the 
particles during the dispersion process was previously alluded to. Figure 4.84b further 
corroborates this hypothesis, with the existence of several smaller particles around the 
largest, particularly at the right of the micrograph. These in turn also have smaller particles 
in close proximity. Presumably the strength of the particle is impaired by the presence of 
the open, porous areas, allowing fragments of the particle to break off.
 
4.5 Neutral Salt Spray Corrosion Testing 
 
Neutral salt spray corrosion tests were performed on primer coated samples to ASTM 
B117 and were assessed at regular intervals. The corrosion of the HDG layer is signified 
by the presence of zinc corrosion products, known as ‘white rust’. Following penetration of 
the HDG, corrosion of the steel substrate causes the appearance of iron corrosion 
products, known as ‘red rust’. Samples were tested in duplicate, individual samples being 
identified here by a suffix ‘a’ or ‘b’. 
 
4.5.1 Hydrotalcite Modified 51016 Primer 
 
Figures 4.88-4.92 show the results of the tests conducted with hydrotalcite modified 
51016 primer. ‘LDH’ sample codes signify layered double hydroxide, an alternative 
nomenclature used to describe hydrotalcite clays. 
 
The results after 24 h exposure to salt spray (figure 4.88) show that the formation of white 
rust was greater for the samples containing hydrotalcite compared to the unmodified 
primer. This suggests that the addition of the clay to the primer has the effect of reducing 
the corrosion resistance. It can also be seen that the samples which exhibit the most 
extensive white rust formation were those containing 3% hydrotalcite. 
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Figure 4.88 Extent of Corrosion on Hydrotalcite Modified 51016 Primer Neutral Salt 
Spray Corrosion Samples after 24 h Exposure 
 
 
Figure 4.89 Extent of Corrosion on Hydrotalcite Modified 51016 Primer Neutral Salt 
Spray Corrosion Samples after 48 h Exposure 
 
After 48 h, the hydrotalcite modified primers were still displaying a greater corrosive 
degradation than the unmodified primer, as shown in figure 4.89. The difference between 
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the modified and unmodified samples was also more apparent than it was after 24 h. The 
samples containing 1% and 3% have performed the worst, although 3% LDHb was not as 
severely corroded as 3% LDHa. By comparison, samples with 0.1% or 5% LDH appear to 
have better corrosion resistance. 
 
After 72 h exposure, red rust was visible on some of the samples (figure 4.90). In 
particular, it has formed on the samples containing 1% and 3% hydrotalcite, these being 
samples which already showed the greatest amount of white rust formation after 48 h. 
However, there was now more white rust visible on the unmodified primer samples than 
those containing 0.1% and 5% hydrotalcite. Some red rust was visible on 0.1% LDHa but 
this could be the result of a defect in the HDG coating; a probable occurrence given the 
thin nature of the layer as illustrated in figure 4.21. 
 
 
Figure 4.90 Extent of Corrosion on Hydrotalcite Modified 51016 Primer Neutral Salt 
Spray Corrosion Samples after 72 h Exposure 
 
Figure 4.91 shows the extent of corrosion after 96 h exposure to salt spray. Four of the 
five samples which exhibited signs of red rust after 72 h had the greatest degree of red 
rust after 96 h; these are 0.1% LDHa, 1% LDHa, 1% LDHb and 3% LDHa. There were 
now greater variations between similar samples, for example 0.1% LDHa had around 40% 
red rust while 0.1% LDHb had under 10%. This could, as previously mentioned, be a 
function of the coherence of the HDG layer or it could be due to heterogeneity in the 
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organic coating. With the exception of 0.1% LDHb and 5% LDHb, all the hydrotalcite 
modified samples show more red rust than the unmodified primer. 
 
 
Figure 4.91 Extent of Corrosion on Hydrotalcite Modified 51016 Primer Neutral Salt 
Spray Corrosion Samples after 96 h Exposure 
 
The addition of layered clays to the 51016 primer was intended to create a more circuitous 
route for water and ions diffusing through the coating, analogous to the mechanism for 
reducing gas permeation illustrated in figure 2.13. Although there is no literature available 
regarding the application of layered double hydroxide clays to this role, the use of layered 
silicate clays is widely reported. If the platelets were to perform this function, then the 
greatest benefit would be observed in the early stages of exposure, as the clay will only 
have the effect of slowing the diffusion, not stopping it. However, it is apparent, particularly 
in figures 4.88 and 4.89, that this does not occur with the samples tested. 
 
In order to fully exploit the high aspect ratio of the clay platelets, it will be necessary to 
exfoliate them. As the FEGSEM micrographs and XRD data have shown, it is not 
apparent whether this has been achieved, or whether the clay does have a platelet 
morphology. The dispersion of the particles might also influence their corrosion 
resistance.  
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Figure 4.92 Extent of Corrosion on Hydrotalcite Modified 51016 Primer Neutral Salt 
Spray Corrosion Samples after 168 h Exposure 
 
Figure 4.92 shows that after 168 h exposure in salt spray, there appeared to be better 
consistency between the appearance of the two 51016, 0.1% LDH and 1% LDH samples  
than was observed after 96 h. However, the extent of corrosion damage was probably 
such that the protection offered by the coating was minimal. 
 
4.5.2 Titanium Dioxide Modified 51016 Primer 
 
The salt spray tests were repeated but with samples modified with PC500 titanium 
dioxide, as shown in figures 4.93-4.97. Tests of the 51016 samples were not repeated but 
the results from the previous unmodified primer samples are included.  
 
After 24 h exposure, it can be seen in figure 4.93 that the samples containing 3 and 5% 
PC500 exhibited less white rust than the unmodified 51016 samples. Those containing 0.1 
and 1% titanium dioxide showed greater variation between the 'a' and 'b' samples, with 
the consequence that it is not possible to determine whether their performance is better or 
worse than the unmodified coating. Arguably, if the percentage white rust values were 
averaged, it would suggest that with 0.1 or 1% titanium dioxide, the performance is 
comparable to the unmodified coating. 
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Figure 4.93 Extent of Corrosion on Titanium Dioxide Modified 51016 Primer Neutral 
Salt Spray Corrosion Samples after 24 h Exposure 
 
 
Figure 4.94 Extent of Corrosion on Titanium Dioxide Modified 51016 Primer Neutral 
Salt Spray Corrosion Samples after 48 h Exposure 
 
Figure 4.94 shows that after 48 h exposure to salt spray, the trends observed at 24 h 
remain the same. The samples with 3 and 5% PC500 appear to be more corrosion 
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resistant than those with either 0, 0.1 or 1% PC500, although the 1% PC500b sample was 
not as corroded as the 'a' sample. There was now less variation between the 0.1% 
samples than there was after 24 h and the results suggest that the corrosion resistance of 
these coatings is marginally worse than the unmodified coating. 
 
 
Figure 4.95 Extent of Corrosion on Titanium Dioxide Modified 51016 Primer Neutral 
Salt Spray Corrosion Samples after 72 h Exposure 
 
Figure 4.95 shows that after 72 h, the samples containing 0.1% titanium dioxide have 
sustained a comparable amount of corrosion as the unmodified samples. 0.1% PC500a 
also showed the initial appearance of red rust. The variation between the two 1% PC500 
samples was now greater, with one sample exhibiting approximately 50% white rust and 
the other around 25%. With 3 or 5% titanium dioxide in the coating, the corrosion 
resistance was still better than the unmodified primer. However, even with these samples, 
there was now a greater variation, with 3% PC500a displaying around 15% white rust, 
compared to 3% PC500b with around 25%. 
 
After 96 h, figure 4.96 shows that the samples with 0% and 0.1% titanium dioxide 
exhibited red rust formation, as did the 1% PC500a sample. The 1% PC500b sample 
displayed no evidence of red rust and with only around 35% white rust, its performance in 
salt spray was considerably better than 1% PC500a. The variations between the individual 
3 and 5% samples, first apparent after 72 h, are more exaggerated after 96 h.  
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Figure 4.96 Extent of Corrosion on Titanium Dioxide Modified 51016 Primer Neutral 
Salt Spray Corrosion Samples after 96 h Exposure 
 
In addition to retarding the formation of white rust, the addition of titanium dioxide in 
sufficient quantities also appears to have the effect of delaying the appearance of red rust. 
After 96 h, only the samples containing 3 and 5% w/w titanium dioxide and the 1% 
PC500b sample showed no evidence of red rust formation. 
 
After 168 h, the total extent of corrosion, including both white and red rust, was less for all 
the titanium dioxide samples than for the unmodified 51016 primer. Although considerable 
variations were now apparent between individual samples, a subjective assessment of the 
data suggests that the samples containing 1, 3 and 5% PC500 have performed better 
than those containing 0.1%. 
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Figure 4.97 Extent of Corrosion on Titanium Dioxide Modified 51016 Primer Neutral 
Salt Spray Corrosion Samples after 168 h Exposure 
 
The salt spray data suggests that the addition of titanium dioxide to the 51016 primer 
engenders a beneficial improvement in the corrosion resistance of the coatings. This 
improvement becomes more significant with increasing loading, with samples containing 3 
or 5% w/w PC500 demonstrating the greatest corrosion resistance. The difference 
between the 1% PC500 ‘a’ and ‘b’ samples complicates assessment of its performance 
and highlights the need to test samples in duplicate before drawing any conclusions. 
 
In Section 4.2.3, the effect of large titanium dioxide particles, such as those shown in 
figure 4.84 was discussed. It was suggested that a particle which occupies almost the 
entire thickness of the coating might be detrimental to the properties of the coating. 
However, with the corrosion resistance, the opposite seems to have occurred. It could be 
that the porous nature of the particles allows them to act as a ‘reservoir’ for water diffusing 
through the coating.
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4.6 Electrochemical Impedance Spectroscopy (EIS) of Coated Samples 
4.6.1 51016 Primer 
 
Figure 4.98 below shows the Nyquist plots for the unmodified 51016 primer coating over 
the period of immersion. The data reproduced here are averaged values from four 
samples taken from two coated HDG panels. It can be seen that, even after only 1 h 
immersion, there appear to be two overlapping semi-circles. This suggests that even after 
a short immersion time, electrochemical activity was occurring at the coating/substrate 
interface. This could be a function of the coating thickness which, in organic coating 
terms, is not very large. Although cracking of the unmodified primer films was not 
observed in the micrographs, such cracks could also introduce additional features to the 
Nyquist plot. Bastos and Simoes195 tested organically coated samples which had been 
deliberately deformed by uniaxial elongation and found that the resulting data displayed 
two time constants. The beginning of a second semi-circle was also indicated for the two 
spectra acquired after 24 and 48 h. However, the frequency range of the spectra is 
insufficient to ascertain whether these are semi-circles or Warburg diffusion tails. The 
justification for adopting the frequency range 50 kHz – 0.1 Hz was made in Section 
3.3.9.3.  Another trend which is apparent is the decreasing size of the semi-circles with 
increasing immersion time. This implies a reduction in the coating resistance and hence 
its ability to protect the substrate from corrosion, as discussed by Leidhesier185. 
 
 
Figure 4.98 Nyquist Plot Showing Averaged Data over the Period of Immersion for 
51016 Primer 
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After 1 week immersion, the semi-circle was not only considerably smaller but there does 
not appear to be a second semi-circle at low frequency. This seems inexplicable, as there 
is no reason to suppose that the underfilm corrosion should cease, particularly as the 
semi-circle reappeared at 2 and 3 weeks immersion. Plotting the modulus of impedance in 
the Bode format, as shown in figure 4.99 suggests that underfilm electrochemical activity 
was occurring after 1 week. This is demonstrated by the change in the gradient of the line, 
as indicated on the graph. 
 
 
Figure 4.99 Modulus of Impedance Plotted in Bode Format for Averaged Data from 
51016 Primer Coatings. Red Dashed Lines Highlight Change in Gradient of 1 Week 
Immersion Line 
 
Another feature of the Bode plots, particularly after short immersion times, are ‘dips’ in the 
line at high frequency. After 1 week immersion, this phenomenon was no longer apparent 
and its cause is uncertain. 
 
The Zsimp Win equivalent circuit modelling software170 was used to determine film 
resistance and coating capacitance values for the 1 h and 24 h immersion samples. 
Analysis was not made of the data from longer immersion periods as some of the data 
from the modified coatings suggested that more complex equivalent circuits would be 
required. While it is possible to use the equivalent circuit database supplied with the 
software to find a good match to the data, the values obtained are meaningless unless 
they can be attributed to the activity taking place. For this reason, a Randles circuit, 
shown in figure 2.27a, was used to obtain values for film resistance and coating 
capacitance.  
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Immersion Time (h) Film Resistance (Ohms) Capacitance (Farads) 
1 7.4 x 103 1.4 x 10-5 
24 3.9 x 103 1.3 x 10-5 
Table 4.12 Calculated Film Resistance and Coating Capacitance Values for 51016 
Primer Coatings 
 
The results in table 4.12 show that the film resistance drops by a factor of approximately 2 
between 1 and 24 h. A high resistance value has been linked to good corrosion 
resistance184 and hence the observed behaviour represents a drop in this performance. 
The capacitance value, which was discussed in Section 2.5.2 as a means of determining 
water uptake, remains relatively consistent. This could suggest that the even after 1 h, the 
coating is saturated, representing the second phase of water uptake as illustrated on the 
graph in figure 2.32. The time required to reach saturation point will be dependent on a 
number of variables including the thickness and porosity of the film and the presence of 
pigment particles. Standish and Leidheiser180 tested epoxy/polyamide coatings with a dry 
film thickness of around 61 μm and their results show that the capacitance attains a stable 
value after around 15 h immersion. While the results in table 4.12 imply that the coating is 
saturated in under 1 h, Standish and Leidheiser’s data, which was obtained using a 
thicker coating, show that saturation of the coating is possible in under 24 h. 
 
4.6.2 Hydrotalcite Modified 51016 Primer 
 
Impedance tests were then performed on 51016 primer samples containing 0.1, 1, 3 and 
5% w/w hydrotalcite. Nyquist plots of the results are given in figures 4.100-4.103, along 
with calculated film resistance and coating capacitance values in table 4.13. An unusual 
trend can be observed in figure 4.100, which shows the size of the Nyquist semi-circle 
increasing between 1 h and 24 h. Comparing the film resistance values for the unmodified 
51016 primer with that modified with 0.1% w/w hydrotalcite, it can be seen that the film 
resistance at 1 h immersion was lower for the modified coating. However, after 24 h it has 
increased to a value 2 x 103 Ω higher than the unmodified primer. Walter156 defines what 
has been referred to as the film resistance, as pore resistance. He suggests that this 
resistance value is attributable to pore resistance due to electrolyte penetration or at 
damaged areas of the coating. Using this definition, it could be that the water uptake 
resulted in a swelling of the polymer which would close the pores and hence increase the 
measured resistance. 
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Figure 4.100 Nyquist Plot Showing Averaged Data over the Period of Immersion for 
51016 Primer + 0.1% w/w Hydrotalcite 
 
 
Figure 4.101 Nyquist Plot Showing Averaged Data over the Period of Immersion for 
51016 Primer + 1% w/w Hydrotalcite 
 
With 1% w/w hydrotalcite, although the film resistance after 1 h is greater than that for the 
0.1% w/w hydrotalcite modified 51016 primer, it has dropped to a value lower than the 
latter after 24 h. It has then further diminished after 48 h to attain a value lower than that 
of the unmodified primer, suggesting that the initial improvement in the corrosion 
resistance of the coating is rapidly lost. It can be seen from table 4.13, however, that it is 
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still around 10 times higher than that the value Leidheiser185 believes critical for corrosion 
protection. 
  
 
Figure 4.102 Nyquist Plot Showing Averaged Data over the Period of Immersion, 
51016 Primer + 3% w/w Hydrotalcite 
 
 
Figure 4.103 Nyquist Plot Showing Averaged Data over the Period of Immersion, 
51016 Primer + 5% w/w Hydrotalcite 
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Hydrotalcite 
Loading (% w/w) 
Film Resistance (Ohms) Capacitance (Farads) 
1 h 24 h 1 h 24h 
0 7.4 x 103 3.9 x 103 1.4 x 10-5 1.3 x 10-5 
0.1 4.2 x 103 5.9 x 103 1.3 x 10-5 1.2 x 10-5 
1 1.0 x 104 4.2 x 103 1.4 x 10-5 1.5 x 10-5 
3 1.2 x 104 2.3 x 103 1.4 x 10-5 1.5 x 10-5 
5 5.8 x 103 1.1 x 103 1.6 x 10-5 1.4 x 10-5 
Table 4.13 Calculated Film Resistance and Coating Capacitance Values for the 
Hydrotalcite Modified 51016 Primer Coatings 
 
Table 4.13 indicates that the coatings containing 1 and 3% w/w hydrotalcite showed an 
initial improvement in film resistance compared to the unmodified 51016 primer. However, 
after 24 h, the film resistance for the sample containing 1% w/w hydrotalcite is only slightly 
higher than the unmodified coating, while that containing 3% w/w hydrotalcite has a lower 
film resistance value. The capacitance values for the hydrotalcite modified samples are 
also comparable to the unmodified 51016 primer, suggesting that the addition of the 
hydrotalcite has not hindered the absorption of water. This potential benefit of adding 
layered clays to polymers is one which was discussed in Chapter 2. However, the 
micrographs and XRD data for the hydrotalcite modified samples were not able to 
determine conclusively whether the platelets had been exfoliated, a prerequisite for 
improving the corrosion properties of the nanocomposite64. 
 
Other researchers examining layered clay nanocomposites coatings have had mixed 
success with regards improving the corrosion resistance. It should also be noted that 
other researchers have focused on the montmorillonite type clays, rather than the layered 
double hydroxides, such as hydrotalcite. Chen, et al.64 performed tests on epoxy coatings 
modified with an organically modified montmorillonite clay. The authors present little 
discussion on their impedance data, other than suggesting that an exfoliated structure 
provides better corrosion resistance than an intercalated one and they confess that any 
improvement achieved is ‘slight’. Hang, et al.83 modified 30 μm thick epoxy coatings with 
both unmodified and organically modified montmorillonite clays and found that both types 
of clay produced an increase in the film resistance after 7 days immersion. However, this 
value had diminished considerably after 56 days immersion in a similar manner to that 
observed in this study. With the modified clay, the initial film resistance value was not 
significantly higher than the unmodified clay after 7 day but it remained reasonably 
consistent even after 56 days. This suggests that there is a difference in the behaviour 
between the unmodified and organically modified clays. The most obvious difference 
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between the two is that the former is hydrophilic, while the latter is hydrophobic. It could 
be that hydrophilic clays, including hydrotalcite, adsorb water during exposure causing 
swelling of the clay and causing it to disbond from the matrix. This will then create 
additional defects in the film and hence a reduction in the protective effect of the coating. 
 
4.6.3 Titanium Dioxide Modified 51016 Primer 
 
EIS tests were also performed on 51016 primer coatings modified with titanium dioxide. 
The results are shown in Nyquist format in figures 4.104-4.107. 
 
 
Figure 4.104 Nyquist Plot Showing Averaged Data over the Period of Immersion for 
51016 Primer + 0.1% w/w Titanium Dioxide 
 
In figure 4.104, it can be seen that after 1 h immersion, the Nyquist semi-circle is 
considerably larger than for the unmodified primer and this corresponds to a higher film 
resistance value, given in table 4.14. As with the hydrotalcite samples, the film resistance 
has dropped to a value similar to the unmodified 51016 primer after 24 h. However, after 1 
week, the semi-circle is larger than that for the unmodified primer, shown in figure 4.98. 
This suggests that the deterioration in the corrosion resistance of the coating is reduced 
by the addition of the titanium dioxide. 
 
With greater additions of titanium dioxide, an additional benefit is that even after 3 weeks 
immersion, the Nyquist plots show the coatings to be more corrosion resistant than the 
unmodified primer. However, another feature of the Nyquist plots for the coatings 
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containing 1, 3 and 5% w/w titanium dioxide is that the semi-circles increase in size as the 
immersion time increases. With 3 or 5% w/w titanium dioxide, the film resistance appears 
to be greater even after 1 week immersion. 
 
 
Figure 4.105 Nyquist Plot Showing Averaged Data over the Period of Immersion for 
51016 Primer + 1% w/w Titanium Dioxide 
 
 
Figure 4.106 Nyquist Plot Showing Averaged Data over the Period of Immersion for 
51016 Primer + 3% w/w Titanium Dioxide 
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Figure 4.107 Nyquist Plot Showing Averaged Data over the Period of Immersion for 
51016 Primer + 5% w/w Titanium Dioxide 
 
There is no apparent explanation for the increase in the size of the semi-circles for some 
of the samples. However, as it does not occur with the unmodified 51016 primer or the 
coating containing only 0.1% w/w titanium dioxide, it is probable that it is a function of the 
titanium dioxide rather than the polymer. As the titanium dioxide is of the anatase form 
and therefore photoactive, it could cause photo oxidation of the polymer, although this 
might be expected to reduce, rather than improve, the properties of the coating. 
 
Titanium Dioxide 
Loading (% w/w) 
Film Resistance (Ohms) Capacitance (Farads) 
1 h 24 h 1 h 24h 
0 7.4 x 103 3.9 x 103 1.4 x 10-5 1.3 x 10-5 
0.1 9.9 x 103 4.1 x 103 1.6 x 10-5 1.5 x 10-5 
1 1.33 x 104 1.978 x 104 1.4 x 10-5 1.3 x 10-5 
3 5.7 x 103 2.197 x 104 1.5 x 10-5 1.4 x 10-5 
5 2.9 x 103 1.2 x 104 1.5 x 10-5 1.5 x 10-5 
Table 4.14 Calculated Film Resistance and Coating Capacitance Values for the 
Titanium Dioxide Modified 51016 Primer Coatings 
 
It is difficult to draw parallels between the impedance data and the neutral salt spray test 
data, as the former involved immersing the panels in 3% w/v sodium chloride solution, 
while the latter the samples were exposed to a fog of 5% w/v sodium chloride solution. 
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After 24 h in neutral salt spray, the primer coatings containing 3 and 5% titanium dioxide 
certainly appeared to be more corrosion resistant than the unmodified 51016 primer. 
Variation between the two samples containing 1% titanium dioxide make it difficult to draw 
conclusions, but one of the samples certainly demonstrated improved corrosion 
resistance. The results are confirmed by the data in table 4.14 which shows that after 24 h 
immersion, the primer coatings containing 1, 3 and 5% w/w titanium dioxide have higher 
film resistance and hence better corrosion resistance than the unmodified 51016 coating.
 
4.7 Wear Testing 
 
The graphs reproduced in this section show the results of the wear tests performed on 
uncoated and primer coated samples. Static load wear tests were carried out in duplicate 
and the results shown here are average values from both tests. Single scratch tests were 
only performed on samples containing 0 and 5% particulate additive and were not 
repeated. Microscopy and EDX analysis of the tested samples allowed the effect of wear 
testing to be determined. 
 
4.7.1 Uncoated Panels and Unmodified Primers 
 
Before testing the modified primer coatings, wear tests were performed on an uncoated 
HDG panel and the unmodified primer. Testing an uncoated panel was intended to 
produce a friction coefficient value for the substrate, thus allowing the point at which the 
indenter penetrated the organic coating to be determined. 
 
The data in figure 4.108 shows that the friction coefficient increases rapidly in the first 8 
cycles to a value of 0.67. From this point, the value fluctuates within the range 0.49 – 0.67 
before finally attaining a value of 0.53 after 100 cycles. 
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Figure 4.108 Static Load Wear Test on Uncoated HDG Panel, Averaged Data from 
Two Tests 
 
The electron micrograph and EDX map shown in figure 4.109 show one end of the wear 
test scratch after the 100 cycle test. 
 
  
EDX key: Zinc – blue; iron – green 
                                                                   (a)                                                          (b) 
Figure 4.109 Secondary Electron Image (a) and EDX Map (b) Showing End of 100 
Cycle Wear Track on an Uncoated HDG Panel. 500x Magnification 
 
The EDX map shows that the wear test has penetrated the HDG coating and exposed the 
steel substrate. Debris has been deposited at the end of the wear track, visible in the 
secondary electron image. Studying figure 4.108, it is not possible to establish with any 
degree of certainty the point at which the HDG coating was penetrated. 
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Wear tests were then performed on 51016 coated HDG panels, the data being displayed 
in figure 4.110. Three distinct regimes are manifest: in the first 10 wear cycles the friction 
coefficient increased before stabilizing at around 0.44, then between 10 and 50 cycles the 
friction coefficient remained at around this value and finally after approximately 50 cycles 
another change in the wear behaviour occurs and two phenomena can be observed. 
Firstly the friction coefficient increases to a value closer to that of the uncoated HDG panel 
(figure 4.108). Secondly, the friction coefficient value becomes more unstable. The latter 
could be caused by debris obstructing the wear track. The electron image in figure 4.111 
appears to confirm this supposition. 
 
 
Figure 4.110 Static Load Wear Test on 51016 Primer Coated Panel, Averaged Data 
from Two Tests 
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EDX key: Carbon – red; zinc – blue; iron – green 
                                                                  (a)                                                           (b) 
Figure 4.111 Secondary Electron Image (a) and EDX Map (b) Showing End of 100 
Cycle Wear Track on a 51016 Primer Coated Sample. 500x Magnification 
 
The wear track has a rough surface with metallic debris particularly visible at the end of 
the track. Correlating the EDX map with the electron image shows this to be zinc which 
has been smeared along the wear track and deposited at the end. 
 
The large area of zinc visible in the EDX map, figure 4.111, shows that the wear test has 
penetrated through the organic coating to the HDG layer. An area of iron apparent 
towards the left hand end of the image also suggests that the HDG layer has been 
penetrated at least through to the alloy layer, if not to the steel beneath. Compared with 
the EDX map of the HDG panel in figure 4.109, there is less iron visible in the coated 
sample. This suggests that less wear is taking place when the panel is coated but it is not 
discernible whether this a lubricious effect caused by the organic coating or simply the 
additional thickness of the coating which has to be penetrated. 
 
Using the information contained in figure 4.110, the wear tests were repeated but the 
number of cycles performed was chosen to correspond to a point before the friction 
coefficient increased and the data became more variable. For the 51016 primer sample, a 
duration of 20 cycles was adopted. The purpose of these tests was to produce samples 
which could be characterized with the FEGSEM to determine whether the coating had 
been penetrated. 
 
Chapter 4 Results and Discussion  O.D.Lewis 
 
 
225 
 
 
Figure 4.112  FEGSEM Image Showing Wear Track on 51016 Primer after 20 Cycle 
Test 
 
The micrograph in figure 4.112 shows the surface of the 51016 sample after the 20 cycle 
wear test. Some scoring of the metal is apparent but the surface of the track also has 
areas of organic coating remaining. What appear to be particles are also visible in the 
organic coating, possibly zinc which has been scoured from the surface of the HDG. 
These can be seen more clearly at higher magnification, as shown in figure 4.113. 
 
 
Figure 4.113 FEGSEM Image Showing Edge of Wear Track on 51016 Primer after 20 
Cycle Test 
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To the left of the micrograph can be seen the edge of the wear track, while to the right of 
the image are the particles which are presumed to be zinc from the HDG coating. The 
absence of iron in the EDX map shown in figure 4.114 confirms that the 20 cycle wear test 
has penetrated to the HDG but not through to the steel beneath. 
 
  
EDX key: Carbon – red; zinc – blue 
                                                                  (a)                                                            (b) 
Figure 4.114 Secondary Electron Image (a) and EDX Map (b) Showing End of 20 
Cycle Wear Track on 51016 Primer. 500x Magnification 
 
From this information, it is possible to surmise that the three stages in the 100 cycle test 
mentioned previously are as follows: 
 
1. Behaviour in the first 10 cycles of the test, where the friction coefficient increased, 
represents wear of the organic coating. The increase in friction coefficient could 
be caused by plastic deformation of the coating, demonstrated by the large 
amount of pile up at the end of the wear track as shown in figure 4.114. 
2. Between 10 and 40 cycles, the coating has been largely penetrated and the 
indenter is running against the HDG and any remaining organic coating. The latter 
seems to dwell in the crevices along the HDG grain boundaries; this is indicated in 
both the micrograph and EDX map, figure 4.114. However, even at this stage, 
small fragments of zinc are being removed from the surface. The stable friction 
coefficient values could be attributed to a lubricious effect generated by the 
organic coating and perhaps the relatively ductile nature of the zinc. 
3. After around 50 cycles, sufficient zinc has been scoured from the surface to 
increase the wear rate and penetrate to the steel substrate. Any beneficial action 
resulting from the organic coating has probably also been lost. The action of the 
zinc debris scouring the steel therefore produces fluctuations in the measured 
friction coefficient. 
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The most significant feature of the test would therefore seem to be the behaviour in the 
first 10 cycles of the test. This is because the data acquired during this period is at least 
partially representative of the damage which would be inflicted on a coil coating during a 
forming process. As the system being tested is a primer coating, it will typically be covered 
by a topcoat in service and so the more long term behaviour is of secondary importance. 
To improve the correlation between test data and service conditions, it would be 
necessary to know the load which would be applied to the coating for a given forming 
process. Furthermore, wear test data cannot be considered in isolation; coil coatings will 
also be subjected to tensile and compressive stress during manufacture. Information 
regarding the ductility of the coating and its adhesion to the substrate would also be 
required to effectively model its performance. 
 
When a single scratch test, under increasing load conditions, is performed, the 
relationship between the friction and load appears to be approximately linear, as shown in 
figure 4.115. Initially, the line is quite smooth but above around 30 N load, the data 
becomes more irregular. This could be caused by debris and build-up on the wear test 
indenter, as with the multiple scratch test.  
 
 
Figure 4.115 Single Scratch Test under Increasing Load Conditions for 51016 
Primer 
 
The micrographs reproduced in figure 4.116 show the surface of the 51016 coated sample 
after the single scratch test. The micrograph in figure 4.116a shows the extent to which 
material is ‘piled-up’ at the end of the wear track. As the amount of material increases, the 
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measured friction will presumably increase in proportion to the amount of debris. Figure 
4.116b shows that in addition to wear the surface of the sample, the test has caused the 
organic coating to be delaminated from the surface. The action of removing the coating 
from the surface will also probably contribute to the variability of the measured friction. 
 
  
                                                          (a)                                                            (b) 
Figure 4.116 FEGSEM Image Showing End (a) and Edge (b) of Wear Track on 51016 
Primer after Single Scratch Test 
 
It should be possible to calculate the distance along the wear track corresponding to 30 N 
load from the loading rate and indenter velocity. However, even with this information, 
evaluation of the surface at his point would be complex due to the difficulty in 
distinguishing the start of the wear track. 
 
4.7.2 Hydrotalcite Modified 51016 Primer Coatings 
 
Figure 4.117 shows the results of the multiple scratch, static load wear tests for the 
hydrotalcite modified coatings. The results for the unmodified 51016 primer coating are 
also included for comparison. 
 
It can be seen that as the clay content increases, the behaviour of the samples in the first 
few cycles of the test changes. Instead of the friction coefficient increasing and then 
gradually attaining a steady value, it increases at a more rapid rate and to a higher value, 
before descending between five and ten cycles. The friction coefficient between 10 and 25 
cycles is lower for the hydrotalcite modified coatings than for the 51016 primer but the 
point at which the friction coefficient increases advances from around 50 cycles for the 
unmodified primer to around 25 cycles for that containing 5% hydrotalcite. 
 
Chapter 4 Results and Discussion  O.D.Lewis 
 
 
229 
 
 
Figure 4.117 Static Load Wear Tests on Hydrotalcite Modified 51016 Primer Coated 
Panels, Averaged Data from Two Tests 
 
If the wear proceeds according to the mechanism outlined in Section 4.3.1, the behaviour 
observed in the initial stages of the test could occur as the clay platelets are separated 
from the matrix. This action would increase the friction coefficient. Once free from the 
matrix, the platelet structure of the clay could allow it to slide more easily thus giving a 
lower friction coefficient. The phenomenon of detached nanoparticles performing as solid 
lubricants has been proposed by other researchers111. However, despite the lower friction 
coefficient, the platelets might then wear through the HDG more quickly and down to the 
steel, hastening the onset of fluctuating friction coefficient behaviour. 
 
The micrographs and EDX maps in table 4.15 show that as the hydrotalcite content is 
increased, the area of iron visible in the EDX map increases, implying that more wear 
damage is occurring. The images also support this, with marked striation of the surface 
apparent with 1, 3 and 5% hydrotalcite. The EDX maps of the 1 and 5% hydrotalcite 
sample also show some iron in the debris at the end of the wear track. It can be deduced 
from this that not only has the HDG coating been penetrated but that steel itself, or 
possibly the alloy layer between the HDG and the steel, is being eroded. 
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Hydrotalcite 
Content  
(% w/w) 
Secondary Electron Image EDX Map 
0.1 
  
1 
  
3 
  
5 
  
EDX key: Carbon – red; zinc – blue; iron – green 
Table 4.15 Secondary Electron Images and EDX Maps Showing End of Wear Tracks 
on Hydrotalcite Modified 51016 Primer Coatings. 500x Magnification 
 
Figure 4.118 shows a higher magnification image of the edge of a wear track. This adds 
further credence to the theory that the behaviour in the latter stages of the test represents 
wear of the steel substrate, as this behaviour is expedited by increasing the clay content. 
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Figure 4.118 FEGSEM Micrograph Showing the Edge of the Wear Track, of 51016 
Primer + 5% w/w Hydrotalcite 
 
At the top of the image, the organic coating can be seen. Below this is a very narrow strip 
where the organic coating has been delaminated from the surface. This is indicated by the 
fact the grain structure of the HDG coating can still be discerned. Below this is quite a 
broad area with relatively shallow scratching of the surface and finally the deep scratching 
already discussed. Comparing this image to the EDX maps, it is possible that the former 
represents an area in which the zinc in the HDG coating is smeared, whilst in the latter 
area the wear indenter has penetrated through to the steel.  
 
In addition to measuring the friction, the equipment used also gathered acoustic emission 
data while the wear tests were being conducted. These emissions are generated by the 
release of energy within a material, such as the formation and propagation of cracks. The 
example shown in figure 4.119 contains both friction coefficient and acoustic emission 
data. 
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Figure 4.119 Static Load Wear Test and Acoustic Emission Data from Sample 
Coated with 51016 Primer + 0.1% w/w Hydrotalcite 
 
Due to the scatter visible in the acoustic emission data, it is difficult to relate the 
information to the friction coefficient data. It could be argued that the acoustic emissions 
are high in the first few cycles, dropping as the friction coefficient attains a steady value 
and finally becoming more scattered as the friction coefficient becomes less stable. The 
latter would corroborate the hypothesis that the variance in the friction coefficient is 
caused by debris in the wear track, as the grinding of this debris against the substrate 
might cause such acoustic emissions. However, the interpretation of this data is very 
subjective and so the analysis of acoustic emission data has not been pursued. Further 
acoustic emission data is included in the appendices for reference. 
 
Figure 4.120 shows the results of the single scratch, increasing load test for a sample 
containing 5% hydrotalcite. The behaviour of the modified coating appears similar to the 
51016 primer, although the friction values are higher for the sample containing 
hydrotalcite up to 30 N. 
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Figure 4.120 Single Scratch Test under Increasing Load Conditions for Hydrotalcite 
Modified 51016 Primer 
 
4.7.3 Titanium Dioxide Modified 51016 Primer Coatings 
 
Wear tests were repeated on coatings containing the Millennium Chemicals PC500 grade 
titanium dioxide. Figure 4.121 shows the results for the 100 cycle static load wear tests. 
During the first 10 cycles of the test, the friction coefficient was lowest for the sample 
containing 0.1% w/w PC500, with the 1% and 3% samples also exhibiting lower values 
than the unmodified coating. At 5% loading, the friction coefficient is comparable to the 
51016 coating. This indicates that at low loadings, the titanium dioxide can beneficially 
reduce the friction coefficient. 
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Figure 4.121 Static Load Wear Tests on Titanium Dioxide Modified 51016 Primer 
Coated Panel, Averaged Data from Two Tests 
 
After 10 cycles, the friction coefficients of the 1 and 3% titanium dioxide samples have 
attained a similar value to the unmodified coating. However, the 0.1% sample retains its 
lower friction coefficient value until around 20 cycles, although it still remains below that of 
the unmodified coating. At approximately 15 cycles, there is a drop in the friction 
coefficient for the sample containing 5% titanium dioxide, akin to some of the hydrotalcite 
samples. However, after around 40 cycles, this is the first sample to exhibit the fluctuating 
values discussed in Section 4.7.1. For the samples containing 1 and 3% PC500, this 
transition occurs after approximately 45 cycles and 55 cycles for the 0.1% sample. 
 
Comparing the micrographs and EDX maps in tables 4.15 and 4.16, the wear tracks are 
narrower and less iron is visible than in the case of the corresponding hydrotalcite-
containing sample. The horizontal scoring lines which are visible on the 1, 3 and 5% 
hydrotalcite samples are only apparent on the 5% titanium dioxide sample. This again 
suggests that less wear has occurred after 100 cycles with the titanium dioxide samples 
when compared to the hydrotalcite samples.  
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Titania 
Content 
(% w/w) 
Electron Image EDX Map 
0.1 
  
1 
  
3 
  
5 
  
EDX key: Carbon – red; zinc – blue; iron – green 
Table 4.16 Secondary Electron Images and EDX Maps Showing End of Wear Tracks 
on a Titanium Dioxide Modified 51016 Primer Coating. 500x Magnification 
 
Other researchers adding titanium dioxide with a particle size of 50 nm to a phenolic resin 
found that an addition of 5 wt.% gave the lowest friction coefficient and wear rate115. 
However, in that instance, the titanium dioxide particles were dispersed with the aid of a 
surfactant, which may have a bearing on the results. The beneficial consequences of 
breaking up agglomerates115 and decreasing particle size116 on tribological properties 
were discussed in Section 2.3.4.3. The micrographs in Section 4.2.3 show quite large 
agglomerates in the coatings, particularly at higher loadings. It could be that, as 
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suggested by Zhang and Rong116, the agglomerates break up during the test, a 
phenomenon which would be a particular problem at higher loadings where the 
agglomeration becomes more of a problem. In addition, some of the agglomerates occupy 
almost the entire thickness of the coating, as shown in figure 4.84 and so once the 
agglomerate begins to break up, the debris will be able to quickly penetrate to the 
substrate. 
 
A single scratch test with increasing load shows that the friction increases more quickly 
with 5% titanium dioxide in the coating. However, as with the hydrotalcite modified 
samples, this could be due to a build up of debris in front of the indenter. 
 
 
Figure 4.122 Single Scratch Test under Increasing Load Conditions for Titanium 
Dioxide Modified 51016 Primer
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4.8 Hardness and Modulus of Primer Coatings 
 
Depth-controlled nanoindentation tests were performed on primer coated samples and 
from these, the hardness and modulus of the coatings was determined. The results 
represent averaged data from a number of tests conducted on different areas of the 
sample surface. 
 
4.8.1 Hydrotalcite Modified Coatings 
 
Figure 4.123 shows the hardness values for the 51016 primer coatings modified with 
hydrotalcite clay. The data for the unmodified 51016 coating is included for comparison. 
 
 
Figure 4.123 Hardness Values for Hydrotalcite Modified 51016 Primer Coatings. 
Error Bars Depict Maximum and Minimum Values 
 
The data in figure 4.123 shows that the addition of 0.1 or 1% w/w hydrotalcite to the 
51016 primer caused a slight reduction in the hardness of the coating. However, the error 
bars indicate that the individual values remain in approximately the same range as those 
for the unmodified coating. With 3 and 5% w/w hydrotalcite, there is a slight increase in 
the mean hardness but again, the increase remains within the range of values observed 
with the unmodified coating. One possible cause of this behaviour is that, as the 
micrographs in Section 4.2.2.3 and 4.2.2.4 show, many of the particles are embedded in 
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the coating and hence even if an indentation is made in the proximity of a particle, the 
hardness value will still reflect that of the polymer surrounding the particle. 
Although no data is available in the literature regarding hardness of hydrotalcite 
composites, Keller, et al.90 found that the addition of up to 7 wt.% organically modified 
layered silicate clay did not increase the Persoz hardness of UV cured polyurethane-
acrylate coatings. At many loadings, except at 3 and 5 wt.%, the hardness was actually 
reduced by the additive. Unfortunately, the authors do not postulate as to the reason for 
this behaviour. 
 
Salahuddin, et al.71 added 60 wt.% montmorillonite-based organoclay to an epoxy resin, 
giving an exceptionally high loading for a nanocomposite. From a series of Vickers 
hardness tests, the authors calculated a parameter known as diamond pyramid hardness. 
For the unmodified epoxy and the nanocomposite, they obtained values of 10-13 kg/mm2 
and 10-29 kg/mm2 respectively. While the authors claim an improvement in the hardness 
for the nanocomposites, their results actually suggest that they had succeeded in 
producing a less homogeneous material, with local areas of greater hardness. 
 
 
Figure 4.124 Modulus Values for Hydrotalcite Modified 51016 Primer Coatings. Error 
Bars Depict Maximum and Minimum Values 
 
Figure 4.124 shows that the modulus of the coatings did increase with the addition of the 
hydrotalcite. It is also evident from the data that the variation in the modulus values is 
higher for the nanocomposite coatings when compared to the unmodified 51016 primer. 
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This could be because, even with 5% w/w hydrotalcite, some of the indentations were 
probably made close to a particle, while some might have been in an area free of 
particles. With 1, 3 and 5% w/w hydrotalcite, the maximum values recorded are very 
similar, implying that the maximum values correspond to the modulus of the hydrotalcite. 
Whether an increase in the modulus is a beneficial phenomenon for a coil coating primer 
is questionable as the increased stiffness of the coating will be a hindrance during forming 
processes, possibly leading to cracking of the film. 
 
Increases in modulus have also been reported by researchers investigating nylon54 and 
epoxy74,76 layered silicate nanocomposites. 
 
4.8.2 Titanium Dioxide Modified Coatings 
 
Nanoindentation tests were also performed on the titanium dioxide modified 51016 primer 
coatings. Figure 4.125 shows the hardness values for the coatings. 
 
 
Figure 4.125 Hardness Values for Titanium Dioxide Modified 51016 Primer Coatings. 
Error Bars Depict Maximum and Minimum Values 
 
The graph shows that, as with the hydrotalcite sample, there was a drop in the hardness 
of the samples containing 0.1 or 1% w/w titanium dioxide. However, this drop is also allied 
to a large increase in the spread of data, as indicated by the error bars. Even with 3% w/w 
titanium dioxide, the hardness is still approximately the same as that of the unmodified 
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primer, although the mean value at 5% loading does show a marginal increase. The error 
bars also indicate that at 5% w/w loading, the highest recorded value was around 0.19 
GPa, compared to a maximum of around 0.135 GPa for the unmodified 51016 primer. It 
could be that the high value for the coating containing 5% titanium dioxide was the result 
of performing an indentation in the vicinity of one of the agglomerates, such as that shown 
in figure 4.82. Zhou, et al.109 also recorded variations in their data when using 
nanoindentation to measure hardness of silica modified PU coatings. They attributed this 
to the small measurement area, surface roughness and inhomogeneity of the coating. 
 
Ng, et al.116 studied the scratch resistance of epoxy nanocomposites containing 10 wt.% 
titanium dioxide. The researchers compared the effect of ‘micro’ and nano sized titanium 
dioxide particles, the latter having an average particle size of 32 nm and the former 240 
nm. Their results show that the 240 nm titanium dioxide had little effect on the scratch 
resistance of the epoxy, while the 32 nm titanium dioxide engendered a considerable 
improvement. Using the author’s definition of ‘nano’ and ‘micro’, the titanium dioxide 
particles shown dispersed in the 51016 primer (Section 4.2.3) would classed as being 
‘micro’ particles and hence it could be that their size is not optimized for maximum 
hardness.   
 
The trend in the modulus of the titanium dioxide modified primer coatings is similar to the 
hardness in that there appears to be a slight increase at higher loading but the addition of 
the titanium dioxide also corresponds to an increase in the spread of data. The results are 
shown in figure 4.126. As already discussed, the variability of the data for the modified 
coatings could be a result of whether or not the indentation is taken in the proximity of a 
particle. However, the average modulus value of around 7.6 GPa for the coating 
containing 5% w/w titanium dioxide represents an increase of 2.8 GPa over the 
unmodified 51016 primer. From this, it can be deduced that the bonding between the 
particles and the matrix is sufficient to transfer plastic deformation115. Other researchers 
have also reported an increase in modulus with the addition of 5 wt.% titanium dioxide to 
polymers116. 
 
Chapter 4 Results and Discussion  O.D.Lewis 
 
 
241 
 
 
Figure 4.126 Modulus Values for Titanium Dioxide Modified 51016 Primer Coatings. 
Error Bars Depict Maximum and Minimum Values
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CHAPTER 5 CONCLUSIONS 
 
A review of the pertinent literature has shown that there is considerable scientific and 
commercial interest in the exploitation of nanotechnology. The production of polymer 
nanocomposites, synthesized by incorporating nano-sized additives such as nanoparticles 
into polymers, is being extensively researched for bulk and coating applications; 
furthermore, products containing nanoparticles have already reached the stage of 
commercial exploitation.  
 
This study has investigated the dispersion of hydrotalcite and titanium dioxide 
nanoparticles in a waterborne acrylic coil coating primer. The coatings were applied to 
hot-dip galvanized (HDG) substrates, for which a satisfactory cleaning process had first to 
be identified. 
 
5.1 Cleaning Process 
 
• Auger electron spectroscopy (AES) and surface energy measurements have 
shown that Ridoline C72 is more effective than Ridoline 1340 at removing 
contaminants from the surface of the HDG panels. However, the compositional 
analysis also indicated that the C72 removes the aluminium from the HDG layer. 
• Examination of the cleaned samples with the field-emission gun scanning electron 
microscope (FEGSEM) showed that the HDG samples cleaned with Ridoline C72 
displayed greater surface etching and that this corresponded to a greater degree 
of heterogeneity. 
• For a given set of process parameters, cleaning with Ridoline C72 produced a 
surface which was less corrosion resistant than Ridoline 1340. This was attributed 
to a combination of etching through the HDG coating and the removal of the 
aluminium. 
• The AES data from the cleaned HDG panels showed that ultrasonic agitation of 
the solution resulted in more effective cleaning than magnetic stirrer agitation. A 
post-immersion rinse with fresh Ridoline solution also improved surface 
cleanliness by removing dirt which was re-adsorbed as the panel was withdrawn 
from the solution.  
• The tests showed that an optimized cleaning procedure was to immerse the HDG 
panel in Ridoline 1340 for 1 minute using ultrasonic agitation. The panel was then 
rinsed with fresh Ridoline 1340 and finally deionized water. 
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5.2 Organic Coatings 
5.2.1 Layered Silicate Clay Modified 51016 Coatings 
 
• Layered silicate clays, including hydrophilic sodium bentonite and organically 
modified (hydrophobic) clays, have been added to the 51016 primer formulation at 
loadings of 1,3 and 5% w/w. Dispersion has been effected by rotational mixing and 
ball milling. FEGSEM images of the modified coatings showed that the latter was 
capable of producing a more satisfactory dispersion with shorter process times. 
• X-ray diffraction (XRD) of the organically modified coatings showed that there was 
no intercalation or exfoliation of the clay platelets when they were added to the 
51016 primer. This was attributed to the incompatibility between the hydrophobic 
clay and the waterborne primer. XRD of the sodium bentonite modified 51016 
primer coatings showed an increase in platelet spacing of around 0.5 nm. While 
this undoubtedly represented a swelling of the clay, it was not of the same 
magnitude as the values found in the literature. The bentonite also had the 
undesirable effect of increasing the viscosity of the formulation. 
 
5.2.2 Hydrotalcite Modified 51016 Coatings  
 
• Magnesium aluminium hydroxycarbonate, also known as hydrotalcite, was 
dispersed in the 51016 primer at 0.1, 1, 3 and 5% w/w. Purchase of commercially 
produced hydrotalcite led to some uncertainty regarding the structure of the clay, 
which made assessment of the exfoliation of the clay difficult. XRD was not able to 
prove conclusively that the clay had been exfoliated, although examination of the 
coatings with the FEGSEM suggested that it was possible to achieve a good 
dispersion. Where agglomerates did form, many of these still appeared to be 
wetted by the polymer. 
• Cracking of the primer coating was apparent on some of the samples, although 
there did not appear to be a correlation between particle loading and the 
appearance of cracks. Focused ion beam scanning electron microscope (FIBSEM) 
examination showed that, in some instances at least, the cracks penetrated 
through to the HDG substrate. Thermogravimetric analysis (TGA) demonstrated 
that the phenomenon was not a result of water being lost from the particles during 
drying. 
• Corrosion resistance was assessed by neutral salt spray testing and by 
electrochemical impedance spectroscopy (EIS). Both techniques showed that the 
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addition of hydrotalcite clay to the 51016 primer did not engender any 
improvement in corrosion resistance. This was apparent even after brief exposure 
to a corrosive environment when, as the literature suggested, the high aspect 
ration of the clay platelets should produce their beneficial increase in the diffusion 
pathway length. It could be that the hydrophilic nature of the clay results in water 
adsorption, causing a breakdown of the bond between particle and matrix, thus 
increasing subsequent ingress of the chloride environment. 
• Sliding wear tests showed that the addition of hydrotalcite to the primer modified 
its tribological behaviour. With 0.1% w/w hydrotalcite the friction coefficient after 10 
cycles was lower than the unmodified primer by a value of around 0.04. However, 
with higher loadings, the friction coefficient attained a higher value than the 
unmodified 51016 coating during the initial stages of the test before settling at a 
value lower than the unmodified coating after around 7 cycles. At all loadings, the 
addition of hydrotalcite to the primer hastened the penetration of the coating and 
ultimately the wear of the substrate. FEGSEM images and energy dispersive X-ray 
(EDX) spectra confirmed that after 100 wear cycles, the extent of damage to the 
coating and substrate increased with hydrotalcite loading. 
• Addition of the hydrotalcite to the 51016 primer had little effect on the hardness of 
the coating. Although a slight increase was observed with 3 and 5% w/w 
hydrotalcite, the change remained within the boundaries of error for the unmodified 
coating. Similarly, an observed increase in modulus with hydrotalcite content was 
accompanied by a large increase in the spread of data. 
 
5.2.3 Titanium Dioxide Modified 51016 Coatings 
 
• Titanium dioxide was dispersed in the 51016 primer at 0.1, 1, 3 and 5% w/w 
loadings. However, some difficulty in breaking up the agglomerated particles was 
observed for the titanium dioxide modified primer coatings. FEGSEM images of 
the coatings showed that, with 5% w/w titanium dioxide, particle size ranged from 
under 100 nm to agglomerates several microns across. Examination of the 
titanium dioxide powder showed it to consist of large agglomerates, indicating that 
the particles were being partially broken up during dispersion. The agglomerates 
appeared to be porous, with little or no penetration of the polymer. 
• As with the hydrotalcite modified primer, cracking was observed with some of the 
titanium dioxide modified samples. Again there did not appear to be a correlation 
between particle loading and the appearance of the cracks. A TGA test showed 
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that the titanium dioxide powder contained around 2.9 wt.% water which was felt to 
be insufficient to cause the cracking. 
• Neutral salt spray corrosion tests showed that the addition of 3 or 5% w/w titanium 
dioxide to the 51016 primer engendered an improvement in corrosion resistance. 
This was supported by the EIS data, with equivalent circuit modelling suggesting 
that the coatings containing 1, 3 and 5% w/w titanium dioxide had a considerably 
higher film resistance after 24 h exposure to sodium chloride solution than the 
unmodified primer. A value of 2.2x104 Ω was recorded for the sample containing 
3% w/w titanium dioxide, compared to 3.9x103 Ω for the unmodified 51016 primer. 
• Static load reciprocating wear tests showed that the addition of 0.1% w/w titanium 
dioxide to the 51016 primer resulted in a decrease in the friction coefficient during 
the first 20 cycles of the test. This is significant as it is probably the period during 
which a coil coating primer will undergo wear damage, during forming operations. 
Higher titanium dioxide loadings did not exhibit this beneficial effect and resulted in 
more rapid penetration of the organic coating. This was attributed to the breaking 
up of agglomerates and subsequent abrasion by the debris. 
• The addition of titanium dioxide to the 51016 primer resulted in a greater spread of 
hardness and modulus values, hindering interpretation of the data. Nevertheless, 
the addition of 5% w/w titanium dioxide appeared to increase the modulus of the 
coating.
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CHAPTER 6 FURTHER WORK 
 
6.1 Organic Coatings 
 
The cracking of some of the 51016 primer coatings was observed with the FEGSEM. 
Some possible causes of this were proposed in Section 4.2.2.1.3. Of these possible 
causes, the role of adsorbed water on the particles was investigated by TGA but it was 
concluded that this was possibly not a factor. The difficulty encountered with the TGA data 
was in determining whether the water content measured would be sufficient to have a 
bearing on the morphology of the coating. One method for determining this would be to 
dry the powder prior to incorporating it into the resin. Further FIBSEM cross-sections of 
the coatings would allow the potential correlation between coating thickness and presence 
of cracks to be elucidated. The other issues, agglomeration of the particles and poor 
wetting by the polymer could be investigated by the use of surfactants or the addition of 
particles in the form of an aqueous suspension, rather than in dry powder form. 
 
6.2 Hydrotalcite Modified Coatings 
 
The hydrotalcite used for this study was commercially produced and hence no control 
could be maintained over the composition and structure of the clay. In Section 2.3.1.2, the 
production of hydrotalcite type materials from metal cation precursors other than 
magnesium and aluminium was discussed. The production of these materials from 
precursors chosen for their specific properties, such as corrosion resistance, would allow 
the hydrotalcite to be tailored to suit the desired properties of the primer. Production of the 
hydrotalcite ‘in-house’ would also allow control to be exercised over the platelet structure 
which is determined by the crystallization temperature39. The production of hydrotalcite for 
this project was not pursued as it was decided instead to examine a number of different 
additives, including layered silicate clays and titanium dioxide; the extensive range of 
variables available for the production of hydrotalcite would therefore not have permitted 
exhaustive research into this area. 
 
Although the hydrotalcite was successfully dispersed in the waterborne coating, other 
researchers have claimed good dispersion in waterborne coatings with the aid of 
surfactants22. The use of surfactants, such as those discussed in Section 2.1.2.1, may 
further improve the dispersion of the hydrotalcite and provide more conclusive evidence of 
platelet exfoliation. 
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The neutral salt spray corrosion tests and EIS of the hydrotalcite modified primers 
suggested that the addition of the clay did not improve the corrosion resistance of the 
coating. It was suggested that this might be a result of adsorption of water and a resulting 
breaking of the bond between the hydrotalcite and the matrix. If this is the case, the 
application of a topcoat would prevent the physical loss of the hydrotalcite from the primer 
layer. This would still be a legitimate test of the primer, as the application of a topcoat 
would be representative of service conditions. 
 
6.2 Titanium Dioxide Modified Coatings 
 
The presence of agglomerates was apparent in the titanium dioxide modified coatings. As 
the agglomerates were apparent when the dry powder was examined, it was concluded 
that the agglomerates broke up during the dispersion process. It would therefore be 
advantageous to review the dispersion process and consider the adoption of a more 
aggressive technique or increasing the process time of the existing method, ball milling. 
The use of surfactants and aqueous dispersions of particles to improve dispersion was 
mentioned in Section 6.1. 
 
Although it was suggested that the agglomerates were undesirable to the tribological 
performance of the coatings, the improved corrosion resistance recorded for the titanium 
dioxide modified coatings was attributed to their presence. Successful breaking up of the 
titanium dioxide agglomerates in the coating would need to be followed by the repetition of 
the corrosion tests, which would determine whether or not this hypothesis was correct.
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CHAPTER 8 APPENDICES 
 
8.1 Appendix 1: Profilometry Data 
 
The images in figures 8.1-8.8 show the graphical representations of the surface profiles as 
produced by the Surtrace surface analysis software. 
 
 
 
 
Figure 8.1 Profilomtery Traces - Ridoline 1340 Cleaned HDG Panels, 30 s 
Immersion, Stirrer Agitation 
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Figure 8.2 Profilometry Traces - Ridoline 1340 Cleaned HDG Panels, 1 min 
Immersion, Stirrer Agitation 
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Figure 8.3 Profilometry Traces - Ridoline 1340 Cleaned HDG Panels, 10 min 
Immersion, Stirrer Agitation 
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Figure 8.4 Profilometry Traces - Ridoline C72 Cleaned Panels, 30 s Immersion, 
Stirrer Agitation 
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Figure 8.5 Profilometry Traces - Ridoline C72 Cleaned Panels, 1 min Immersion, 
Stirrer Agitation 
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Figure 8.6 Profilometry Traces - Ridoline C72 Cleaned Panels, 10 min Immersion, 
Stirrer Agitation 
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Figure 8.7 Profilometry Traces - Ridoline C72 Cleaned Panels, 1 min Immersion, 
Ultrasonic Agitation 
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Figure 8.8 Profilometry Traces - Acetone Degreased HDG Panels 
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8.2 Appendix 2: Tests Performed on the Initial Primer Formulations 
8.2.1 Introduction 
 
At the outset of the project, three different organic coating primer formulations were 
supplied by Henkel. After studying the cleaning process for the HDG panels, the research 
turned to characterizing the unmodified primer coatings. However, as new primer 
formulations were developed by Henkel, those supplied were superseded. The newer 
formulations therefore formed the basis of the modified coatings and the initial data 
obtained with the original formulations is included here. 
 
An investigation was also made into the effect of adding a chromate-free pretreatment 
solution, formulated by Henkel, to the primer with the intention of avoiding the necessity of 
a two-stage process. The additive, known as Novacoat 220A was not added to the 
primers which were modified with nanoparticles as it was felt that this would generate 
additional complications during the particle dispersion process. 
 
8.2.2 Experimental Procedure 
 
Three primers were investigated, details of which were supplied by Henkel: 
 
• 7439A. Aqueous acrylic emulsion; 
• 7439B. Aqueous acrylic emulsion, containing methylol functional groups; 
• Liopur 99-090. Aqueous aliphatic polyurethane dispersion. 
 
Novacoat 220A pretreatment additive was combined with the two acrylics only. When 
added to the PU, it was found to cause coagulation. 3.4 g of Novacoat 220A was added 
per 25 g acrylic resin. Primer samples subjected to adhesion tests were overcoated with a 
PE resin topcoat manufactured by BASF. Again, no further information regarding the resin 
was provided. 
 
The primers and, where appropriate, topcoats were applied using drawdown rods as 
described in Chapter 3. The topcoat required curing at 241o C, verified with temperature 
indicating labels. 
 
The appearance of the surfaces was documented using a FEGSEM and cryo-fracturing 
was used to produce cross-sections, allowing the coating thickness to be estimated. Cryo-
fracturing involves immersing the sample in liquid nitrogen and then bending the sample 
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to fracture the coating. These tests were performed prior to the availability of the FIBSEM. 
Although no topcoat was applied, some of the samples were heated to 241o C to simulate 
the thermal exposure they would undergo if a topcoat had been applied. 
 
As Henkel were unable to supply further details regarding the three systems, it was felt 
that characterization of the coatings was necessary. A variant of infrared (IR) analysis 
known as attenuated total reflection (ATR) was therefore used1. This technique involves 
passing the infrared through a crystal (in this instance a diamond) at an angle greater than 
the critical angle for total internal reflection, as shown in figure 8.9. However, a small 
proportion of the IR is still able to ‘escape’ and penetrate the sample, which is located on 
the ATR crystal. If this is absorbed by the sample, the IR beam is attenuated and the 
intensity of the reflected beam is changed. One benefit of using this technique is that the 
coatings can be tested in situ, on the HDG panels. 
 
Figure 8.9 Attenuated Total Reflection (ATR) Infrared Spectroscopy Principle 
 
The adhesion of the coatings was measured using samples having a PE topcoat over the 
primer. The adhesion tests were performed in accordance with those used by Henkel, 
which in turn are based on an ECCA test method2. The test involved bending a coated 
sample back on itself with the coated side of the panel on the outside of the radius. 
Adhesive tape was then applied firmly to the coating on the bend and pulled away quickly. 
The adhesion was then indicated by the amount of the coating that was removed. The 
sample was then bent again and the process repeated. Each time a bend is formed, the 
radius of the bend becomes greater. The performance of the samples was rated on a 
numerical scale, with 5 representing total delamination and 0 being no coating removal. 
 
 
 
 
 
 
 
 
ATR Crystal
Sample 
IR Beam 
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8.2.3 Results  
8.2.3.1 FEGSEM Observations and EDX Analysis 
 
 
Figure 8.10 Secondary Electron Image Showing 7439A Primer Dried at 80o C 
 
 
Figure 8.11 Secondary Electron Image Showing Higher Magnification View of Defect 
Visible in Figure 7.9 
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Figure 8.12 Secondary Electron Image Showing Cross Section of 7439A Primer 
Dried at 80o C 
 
 
Figure 8.13 Secondary Electron Image Showing 7439A Primer Heated to 241o C 
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Figure 8.14 Secondary Electron Image Showing Different Area of Sample Figure 
7.12 
 
 
Figure 8.15 Secondary Electron Image Showing Higher Magnification View of 
Sample in Figures 7.12 and 7.13 
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Figure 8.16 Secondary Electron Image Showing Cross Section of Sample in Figures 
7.12 and 7.13 
 
 
Figure 8.17 Secondary Electron Image Showing 7439B Primer Dried at 80o C 
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Figure 8.18 Secondary Electron Image Showing Higher Magnification View of 
Sample in Figure 7.16 
 
 
Figure 8.19 Secondary Electron Image Showing Cross Section of Sample in Figure 
7.16 
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Figure 8.20 Secondary Electron Image Showing Higher Magnification View of Cross 
Section in Figure 7.18 
 
 
Figure 8.21 Secondary Electron Image Showing 7439B Primer Heated to 241o C 
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Figure 8.22 Secondary Electron Image Showing Higher Magnification View of 
Sample in Figure 7.20 
 
 
Figure 8.23 Secondary Electron Image Showing Cross Section of Sample Shown in 
Figure 7.20 
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Figure 8.24 Secondary Electron Image Showing 99-090 Primer Dried at 80o C  
 
 
Figure 8.25 Secondary Electron Image Showing Cross Section of Sample in 
Figure7.23 
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Figure 8.26 Secondary Electron Image Showing 99-090 Primer Heated to 241o C 
 
 
Figure 8.27 Secondary Electron Image Showing Higher Magnification View of 
Defects Visible in Figure 7.25 
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Figure 8.28 99-090 Primer Heated to 241o C, After Cryo-fracturing 
 
8.2.3.2 FTIR Analysis 
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Figure 8.29 FTIR Spectrum of 7439A Primer Without Novacoat 220A Additive 
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FTIR 7439A With Novacoat 220A Spectrum from Area 1 13/10/05
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Figure 8.30 FTIR Spectrum of 7439A Primer With Novacoat 220A Additive 
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Figure 8.31 FTIR Spectrum of 7439B Primer Without Novacoat 220A Additive 
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FTIR 7439B With Novacoat 220A Spectrum from Area 1 13/10/05
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Figure 8.32 FTIR Spectrum of 7439B Primer With Novacoat 220A Additive 
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Figure 8.33 FTIR Spectrum of 99-090 Primer 
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8.2.3.3 Coating Adhesion 
 
 
Figure 8.34 Photograph Showing an Example of an Adhesion Test Results From 
7439B Acrylic Primer 
 
Sample T0 T0.5 T1 T1.5 T2 T2.5 Comments 
7439A 5 4 3 1 0 0 No ageing 
7439A 5 5 3 2 1 0 Aged 1 day 
7439B 5 5 2 0 0 0 Aged 1 day 
7439B 5 4 1 0 0 0 Aged 1 day 
99-090 1 0 0 0 0 0 Aged 1 day 
99-090 2 0 0 0 0 0 Aged 1 day 
Henkel lab formulation* 5 5 2 0 0 0 Aged 1 day 
Henkel lab formulation* 2 1 0 0 0 0 Aged 1 day 
*Samples supplied by Henkel, no further details available 
Table 7.1 Results of T Bend Adhesion Tests 
 
8.2.4 References 
 
1. http://www.osti.gov/bridge/servlets/purl/636041-nQyHKX/webviewable/636041.pdf 
2. 118. ECCA Test Methods, ECCA – T7 (1996) 
First bend 
‘T0’ 
Second 
bend ‘T0.5’ 
Third bend 
‘T1’ 
Fourth bend 
‘T1.5’ 
Fifth bend 
‘T2’ 
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8.3 Appendix 3: Impedance Test Data 
8.3.1 51016 Primer 
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Figure 8.35 Nyquist Plot Showing the Individual Impedance Data for the 51016 
Primer Coated Samples After 1 h Immersion 
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Figure 8.36 Bode Plot Showing Modulus of Impedance for 51016 Primer Coated 
Samples After 1 h Immersion 
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Figure 8.37 Bode Plot Showing Phase Angle for 51016 Primer Coated Samples After 
1 h Immersion 
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Figure 8.38 Standard Deviation of the Components of Impedance for 51016 Primer 
Coated Samples After 1 h Immersion 
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Figure 8.39 Nyquist Plot Showing the Individual Impedance Data for the 51016 
Primer Coated Samples After 24 h Immersion 
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Figure 8.40 Bode Plot Showing Modulus of Impedance for 51016 Primer Coated 
Samples After 24 h Immersion 
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Figure 8.41 Bode Plot Showing Phase Angle for 51016 Primer Coated Samples After 
24 h Immersion 
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Figure 8.42 Standard Deviation of the Components of Impedance for 51016 Primer 
Coated Samples After 24 h Immersion 
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Figure 8.43 Nyquist Plot Showing the Individual Impedance Data for the 51016 
Primer Coated Samples After 48 h Immersion 
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Figure 8.44 Bode Plot Showing Modulus of Impedance for 51016 Primer Coated 
Samples After 48 h Immersion 
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Figure 8.45 Bode Plot Showing Phase Angle for 51016 Primer Coated Samples After 
48 h Immersion 
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Figure 8.46 Standard Deviation of the Components of Impedance for 51016 Primer 
Coated Samples After 48 h Immersion 
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Figure 8.47 Nyquist Plot Showing the Individual Impedance Data for the 51016 
Primer Coated Samples After 1 wk Immersion 
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Figure 8.48 Bode Plot Showing Modulus of Impedance for 51016 Primer Coated 
Samples After 1 wk Immersion 
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Figure 8.49 Bode Plot Showing Phase Angle for 51016 Primer Coated Samples After 
1 wk Immersion 
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Figure 8.50 Standard Deviation of the Components of Impedance for 51016 Primer 
Coated Samples After 1 wk Immersion 
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Figure 8.51 Nyquist Plot Showing the Individual Impedance Data for the 51016 
Primer Coated Samples After 2 wks Immersion 
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Figure 8.52 Bode Plot Showing Modulus of Impedance for 51016 Primer Coated 
Samples After 2 wks Immersion 
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Figure 8.53 Bode Plot Showing Phase Angle for 51016 Primer Coated Samples After 
2 wks Immersion 
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Figure 8.54 Standard Deviation of the Components of Impedance for 51016 Primer 
Coated Samples After 2 wks Immersion 
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Figure 8.55 Nyquist Plot Showing the Individual Impedance Data for the 51016 
Primer Coated Samples After 3 wks Immersion 
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Figure 8.56 Bode Plot Showing Modulus of Impedance for 51016 Primer Coated 
Samples After 3 wks Immersion 
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Figure 8.57 Bode Plot Showing Phase Angle for 51016 Primer Coated Samples After 
3 wks Immersion 
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Figure 8.58 Standard Deviation of the Components of Impedance for 51016 Primer 
Coated Samples After 3 wks Immersion 
 
Sample Immersion Time 
1 wk 2 wks 3 wks 
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Table 8.2 Photographs Showing the Surface of the 51016 Coated Impedance Test 
Samples During Immersion 
 
8.3.2 51016 Primer + 0.1% Hydrotalcite 
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Figure 8.59 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.60 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Hydrotalcite After 1 h Immersion 
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 Figure 8.61 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 0.1% w/w Hydrotalcite After 1 h Immersion 
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 Figure 8.62 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 1 h Immersion 
 
0
1000
2000
3000
4000
5000
6000
0 2000 4000 6000 8000 10000 12000
Zi
 (O
hm
s)
Zr (Ohms)
Sample 1
Sample 2
Sample 3
Sample 4
 
Figure 8.63 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 24 h Immersion 
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 Figure 8.64 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Hydrotalcite After 24 h Immersion 
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 Figure 8.65 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 0.1% w/w Hydrotalcite After 24 h Immersion 
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 Figure 8.66 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 24 h Immersion 
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 Figure 8.67 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 48 h Immersion 
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 Figure 8.68 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Hydrotalcite After 48 h Immersion 
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 Figure 8.69 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 0.1% w/w Hydrotalcite After 48 h Immersion 
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 Figure 8.70 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 48 h Immersion 
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 Figure 8.71 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 1 wk Immersion 
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 Figure 8.72 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Hydrotalcite After 1 wk Immersion 
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 Figure 8.73 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 0.1% w/w Hydrotalcite After 1 wk Immersion 
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 Figure 8.74 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 1 wk Immersion 
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 Figure 7.75 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 2 wks Immersion 
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 Figure 8.76 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Hydrotalcite After 2 wks Immersion 
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 Figure 8.77 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 0.1% w/w Hydrotalcite After 2 wks Immersion 
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 Figure 8.78 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 2 wks Immersion 
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 Figure 8.79 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 3 wks Immersion 
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 Figure 8.80 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Hydrotalcite After 3 wks Immersion 
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 Figure 8.81 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 0.1% w/w Hydrotalcite After 3 wks Immersion 
Chapter 8 Appendices    O.D.Lewis 
   
 
 298
0
50
100
150
200
250
300
350
400
0.01 0.1 1 10 100 1000 10000 100000
S
ta
nd
ar
d 
D
ev
ia
tio
n
Frequency (Hz)
Real
Imaginary
Phase Angle
|Z|
 
Figure 8.82 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Hydrotalcite After 3 wks Immersion 
 
Sample Immersion Time 
1 wk 2 wks 3 wks 
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Table 8.3 Photographs Showing the Surface of the 51016 + 0.1% w/w 
Hydrotalcite Coated Impedance Test Samples During Immersion 
 
8.3.3 51016 Primer + 1% w/w Hydrotalcite 
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 Figure 8.83 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.84 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Hydrotalcite After 1 h Immersion 
 
Chapter 8 Appendices    O.D.Lewis 
   
 
 300
-80
-60
-40
-20
0
20
40
60
80
100
0.1 1 10 100 1000 10000 100000
Sample 1
Sample 2
Sample 3
Sample 4
 
Figure 8.85 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 1% w/w Hydrotalcite After 1 h Immersion 
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 Figure 8.86 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 1 h Immersion 
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 Figure 8.87 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.88 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.89 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 1% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.90 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.91 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 48 h Immersion 
 
0.01
0.1
1
10
100
1000
10000
0.1 1 10 100 1000 10000 100000
|Z
| (
O
hm
s)
Frequency (Hz)
Sample 1
Sample 2
Sample 3
Sample 4
 
Figure 8.92 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.93 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 1% w/w Hydrotalcite After 48 h Immersion 
 
Chapter 8 Appendices    O.D.Lewis 
   
 
 303
0
500
1000
1500
2000
0.1 1 10 100 1000 10000 100000
S
ta
nd
ar
d 
D
ev
ia
tio
n
Frequency (Hz)
Real
Imaginary
Phase Angle
|Z|
 
Figure 8.94 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.95 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.96 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.97 Bode Plot Showing Phase Angle for Samples Coated With 51016 Primer 
+ 1% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.98 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.99 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.100 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.101 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 1% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.102 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.103 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.104 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.105 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 1% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.106 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Hydrotalcite After 3 wks Immersion 
 
Sample Immersion Time 
1 wk 2 wks 3 wks 
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Table 8.4 Photographs Showing the Surface of the 51016 + 1% w/w Hydrotalcite 
Coated Impedance Test Samples During Immersion 
 
7.3.4 51016 Primer + 3% w/w Hydrotalcite 
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Figure 8.107 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.108 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.109 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.110 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.111 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 24 h Immersion 
 
Chapter 8 Appendices    O.D.Lewis 
   
 
 310
0.1
1
10
100
1000
10000
0.1 1 10 100 1000 10000 100000
|Z
| (
O
hm
s)
Frequency (Hz)
Sample 1
Sample 2
Sample 3
Sample 4
 
Figure 8.112 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.113 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.114 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.115 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.116 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.117 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.118 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.119 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.120 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.121 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Hydrotalcite After 1 wk Immersion 
 
0
10
20
30
40
0.1 1 10 100 1000 10000 100000
S
ta
nd
ar
d 
D
ev
ia
tio
n
Frequency (Hz)
Real
Imaginary
Phase Angle
|Z|
 
Figure 8.122 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.123 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.124 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.125 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.126 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.127 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.128 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.129 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.130 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Hydrotalcite After 3 wks Immersion 
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Table 8.5 Photographs Showing the Surface of the 51016 + 3% w/w Hydrotalcite 
Coated Impedance Test Samples During Immersion 
 
8.3.4 51016 Primer + 5% w/w Hydrotalcite 
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Figure 8.131 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.132 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.133 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.134 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 1 h Immersion 
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Figure 8.135 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.136 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.137 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.138 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 24 h Immersion 
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Figure 8.139 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.140 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.141 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.142 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 48 h Immersion 
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Figure 8.143 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.144 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.145 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Hydrotalcite After 1 wk Immersion 
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Figure 8.146 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 1 wk Immersion 
 
0
20
40
60
80
100
120
140
160
180
200
0 50 100 150 200 250 300 350 400 450 500
Zi
 (O
hm
s)
Zr (Ohms)
Sample 1
Sample 2
Sample 3
Sample 4
 
Figure 8.147 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.148 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.149 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.150 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 2 wks Immersion 
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Figure 8.151 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.152 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.153 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Hydrotalcite After 3 wks Immersion 
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Figure 8.154 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Hydrotalcite After 3 wks Immersion 
 
Sample Immersion Time 
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Table 8.6 Photographs Showing the Surface of the 51016 + 5% w/w Hydrotalcite 
Coated Impedance Test Samples During Immersion 
 
8.3.5 51016 Primer + 0.1% w/w Titanium Dioxide 
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Figure 8.155 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.156 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.157 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 0.1% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.158 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.159 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.160 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.161 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 0.1% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.162 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.163 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.164 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.165 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 0.1% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.166 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.167 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.168 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.169 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 0.1% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.170 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.171 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.172 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.173 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 0.1% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.174 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.175 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.176 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 0.1% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.177 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 0.1% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.178 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 0.1% w/w Titanium Dioxide After 3 wks Immersion 
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Table 8.7 Photographs Showing the Surface of the 51016 + 0.1% w/w Titanium 
Dioxide Coated Impedance Test Samples During Immersion 
 
8.3.5 51016 Primer + 1% w/w Titanium Dioxide 
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Figure 8.179 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.180 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.181 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 1% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.182 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.183 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.184 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.185 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 1% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.186 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.187 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.188 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.189 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 1% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.190 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.191 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.192 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.193 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 1% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.194 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.195 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.196 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.197 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 1% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.198 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.199 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.200 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 1% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.201 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 1% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.202 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 1% w/w Titanium Dioxide After 3 wks Immersion 
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Table 8.8 Photographs Showing the Surface of the 51016 + 1% w/w Titanium 
Dioxide Coated Impedance Test Samples During Immersion 
 
8.3.6 51016 Primer + 3% w/w Titanium Dioxide 
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Figure 8.203 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.204 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.205 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.206 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.207 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.208 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.209 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.210 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.211 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.208 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Titanium Dioxide After 48 h Immersion 
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 Figure 8.213 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.214 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.215 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.216 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.217 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.218 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.219 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.220 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.221 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.222 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.223 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.224 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 3% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.225 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 3% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.226 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 3% w/w Titanium Dioxide After 3 wks Immersion 
 
Sample Immersion Time 
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Table 8.9 Photographs Showing the Surface of the 51016 + 3% w/w Titanium 
Dioxide Coated Impedance Test Samples During Immersion 
 
8.3.6 51016 Primer + 5% w/w Titanium Dioxide 
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Figure 8.227 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.228 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.229 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.230 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 1 h Immersion 
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Figure 8.231 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.232 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.233 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.234 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 24 h Immersion 
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Figure 8.235 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.236 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.237 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.238 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 48 h Immersion 
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Figure 8.239 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.240 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.241 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.242 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 1 wk Immersion 
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Figure 8.243 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.244 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.245 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.246 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 2 wks Immersion 
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Figure 8.247 Nyquist Plot Showing the Individual Impedance Data for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.248 Bode Plot Showing Modulus of Impedance for Samples Coated With 
51016 Primer + 5% w/w Titanium Dioxide After 3 wks Immersion 
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Figure 8.249 Bode Plot Showing Phase Angle for Samples Coated With 51016 
Primer + 5% w/w Titanium Dioxide After 3 wks Immersion 
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 Figure 8.250 Standard Deviation of the Components of Impedance for Samples 
Coated With 51016 Primer + 5% w/w Titanium Dioxide After 3 wks Immersion 
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Table 8.10 Photographs Showing the Surface of the 51016 + 5% w/w Titanium 
Dioxide Coated Impedance Test Samples During Immersion 
 
 
8.4 Appendix 4: Wear Test Data 
 
The wear test results reproduced in Section 4.7 gave average data from two tests which 
were performed on different areas of the same sample. The acoustic emission data was 
also discussed, with an example of this data given in figure 4.119. The graphs included in 
this appendix show the friction coefficient results from the individual tests and also the 
acoustic emission data. 
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Figure 8.251 Friction Coefficient and Acoustic Emission Data from a Hot-dip 
Galvanized Panel, Test 1 
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 Figure 8.252 Friction Coefficient and Acoustic Emission Data from a Hot-dip 
Galvanized Panel, Test 2 
 
Chapter 8 Appendices    O.D.Lewis 
   
 
 364
0
10
20
30
40
50
60
70
80
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
1 11 21 31 41 51 61 71 81 91
Ac
ou
st
ic
 E
m
is
si
on
 (d
B
)
Fr
ic
tio
n 
C
oe
ffi
ci
en
t
Cycles
Friction Coeff.
Acoustic Em.
 Figure 8.253 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Coated Sample, Test 1 
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 Figure 8.254 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Coated Sample, Test 2 
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Figure 8.255 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 0.1% w/w Hydrotalcite, Test 1 
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 Figure 8.256 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 0.1% w/w Hydrotalcite, Test 2 
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Figure 8.257 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 1% w/w Hydrotalcite, Test 1 
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 Figure 8.258 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 1% w/w Hydrotalcite, Test 2 
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Figure 8.259 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 3% w/w Hydrotalcite, Test 1 
 
0
10
20
30
40
50
60
70
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
1 11 21 31 41 51 61 71 81 91
A
co
us
tic
 E
m
is
si
on
 (d
B
)
Fr
ic
tio
n 
C
oe
ffi
ci
en
t
Cycles
Friction Coeff.
Acoustic Em.
 Figure 8.260 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 3% w/w Hydrotalcite, Test 2 
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Figure 8.261 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 5% w/w Hydrotalcite, Test 1 
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 Figure 8.262 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 5% w/w Hydrotalcite, Test 2 
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 Figure 8.263 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 0.1% w/w Titanium Dioxide, Test 1 
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 Figure 8.264 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 0.1% w/w Titanium Dioxide, Test 2 
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Figure 8.265 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 1% w/w Titanium Dioxide, Test 1 
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 Figure 8.266 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 1% w/w Titanium Dioxide, Test 2 
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 Figure 8.267 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 3% w/w Titanium Dioxide, Test 1 
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Figure 8.268 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 3% w/w Titanium Dioxide, Test 2 
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 Figure 8.269 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 5% w/w Titanium Dioxide, Test 1 
 
0
10
20
30
40
50
60
70
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
1 11 21 31 41 51 61 71 81 91
Ac
ou
st
ic
 E
m
is
si
on
 (d
B
)
Fr
ic
tio
n 
C
oe
ffi
ci
en
t
Cycles
Friction Coeff.
Acoustic Em.
 Figure 8.270 Friction Coefficient and Acoustic Emission Data from 51016 Primer 
Sample Containing 5% w/w Titanium Dioxide, Test 2 
 
 
 
                                                                                                                                                                  
